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Liquid water management is still a very critical challenge in the commercialization of 
proton exchange membrane fuel cell (PEMFC). Fundamental understanding of two-phase 
flow behaviors is of crucial importance to the investigation of water management issues. 
Recently, it has been noted that the dynamic contact angle (DCA) plays a critical role in 
the two-phase flow simulations and the conventional static contact angle (SCA) model 
has obvious limitations in the prediction of droplet behaviors. This thesis mainly focuses 
on the numerical modeling and simulation of two-phase flow problems with dynamic 
contact angle (DCA) and is presented by four papers. The first paper proposes and 
validates an advancing-and-receding DCA (AR-DCA) model that is able to predict both 
advancing and receding dynamic contact angles using Hoffman function (Chapter 2). In 
the second paper, the AR-DCA model is further applied to simulate droplet behaviors on 
inclined surfaces with different impact velocities, impact angles and droplet viscosities 
(Chapter 3). The third paper introduces a methodology to improve the evaluation method 
of contact line velocity in the AR-DCA model and an improved-AR-DCA (i-AR-DCA) 
model is developed (Chapter 4). The last paper presents different flow regimes in a single 
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1.1. Proton Exchange Membrane Fuel Cell 
Fuel cells are energy conversion devices that produce electricity through electrochemical 
reaction. Generally, a fuel cell consists of three components: 1) Anode, an electrode 
where the oxidation reaction occurs and the electrons are released in the process; 2) 
Cathode, an electrode where the reduction reaction occurs and the electrons are 
consumed in the process; 3) Electrolyte, a substance that only allows ions to pass through 
instead of electrons. One of the remarkable distinctions of fuel cells to the conventional 
power sources (batteries, combustion engines) is that fuel cells can be recharged directly 
by refueling rather than the time-consuming charging (plugged in) like batteries. Also, 
fuel cells are far more efficient and environmentally friendly than combustion engines 
[1].  
In general, fuel cells can be classified into the following major categories: 1) Proton 
exchange membrane or Polymer Electrolyte Membrane fuel cell (PEMFC); 2) Direct 
methanol fuel cell (DMFC); 3) Alkaline fuel cell (AFC); 4) Phosphoric acid fuel cell 
(PAFC); 5) Molten carbonate fuel cell (MCFC); 6) Solid-oxide fuel cell (SOFC) [2]. In 
recent years, PEMFCs have received extensive attentions due to their abilities such as 
quick start-up, frequent start-and-stop, low operating temperature, quietness and high 
power density. These notable features of PEMFCs make them as one of the most 
promising and suitable energy power sources for transportation, portable and stationary 




Figure 1.1 shows a schematic of a PEMFC and the basic PEMFC operation process can 
be described as follows: on the anode side, hydrogen is delivered as fuel and electrons are 
separated from protons (H
+
) through electrochemical reaction on the catalyst surface; 
then the protons will flow through the electrolyte (polymer membrane) to the cathode 
side whereas the electrons (e
-
) will flow though external circuit and generate the 
electricity; on the cathode side, the electrons recombine with protons and oxygen to 
produce water. The two electrochemical half reactions in a PEMFC are as follows [1]: 
Anode side (Oxidation):               𝐻2 ⇌ 2𝐻
+ + 2𝑒− 
Cathode side (Reduction):            ½ 𝑂2 + 2𝐻
+ + 2𝑒− ⇌ 𝐻20 
 
Figure 1.1: Schematic of a PEMFC [3]. 
1.2. Water Management and Two-phase Flow in Proton Exchange Membrane Fuel 
Cells 
Although PEMFCs have numerous advantages compared to the conventional power 
sources, there are still many technical barriers that prevent PEMFCs from 
commercialization and broad applicability, mainly in durability, cost and performance 
[2]. Water management has significant effects on PEMFC performance and is one of the 
most critical challenges in recent research progress. On one hand, liquid water is needed 




maintained [4]; on the other hand, excessive water may block the pores of the gas 
diffusion layer (GDL) and the catalyst layer (CL) and cause the flooding issues, which 
consequently limits the mass transport of reactant. Therefore, it is very important to 
maintain a proper balance between membrane humidification and liquid water flooding in 
order to optimize PEMFC performance. 
Numerical modeling and simulation based on computational fluid dynamics (CFD) are 
promising approaches to obtain basic understanding on liquid water behaviors in 
PEMFCs, especially in gas flow channels [5], which help conquer the difficulties in 
performing experiments. Over the last decades, several numerical models have been 
employed to investigate two-phase flow phenomena in PEMFCs, such as the multi-phase 
mixture (M2) model, the multi-fluid model, Lattice Boltzmann method, the level set 
method, the volume of fluid (VOF) method, etc. The most recent comprehensive review 
and summary of these models have been reported by Ferreira et al. [5] and Anderson et 
al. [6]. Among these numerical models, the VOF method is considered as the most 
popular approach because it is capable of simulating immiscible fluid and effectively 
tracking the gas-liquid interface so that the liquid water distribution and transport can be 
well described. Zhou’s research group at the University of Windsor pioneered the 
numerical study on two-phase flow in PEMFCs using VOF method with the first study in 
this area by Quan et al. [7] in 2005. Afterwards, numerous works have been reported for 
two-phase flow and water management simulations in PEMFCs [8-18].  
However, among the available literature, it is found that the static contact angle (SCA) is 
generally used as wall boundary condition while very limited amount of works consider 




flow field. In order to apply DCA in PEMFC simulations, first, it is very important to 
understand the fundamentals of DCA. 
1.3. Contact Angle Definition and Dynamic Contact Angle 
The contact angle, i.e., the angle between the liquid/gas interface and the solid surface 
(Figure 1.2), plays an important role in gas-liquid dynamics. The value of the contact 
angle is determined by the relationship of interfacial energy among the three phases (gas, 
liquid, and solid) at the equilibrium state [19]. The state of equilibrium has the property 
of not varying so long as the external conditions remain unchanged [20]. Therefore, 
Young’s equation [19] can be used to describe the contact angle: 
𝛾𝐿𝐺 cos 𝜃𝑒 = 𝛾𝑆𝐺 − 𝛾𝑆𝐿                                                   (1.1) 
where 𝜃𝑒 is the contact angle at equilibrium, and 𝛾𝐿𝐺, 𝛾𝑆𝐺, and 𝛾𝑆𝐿 are the surface tension 
of the liquid/gas interface, the solid/gas interface, and the solid/liquid interface, 
respectively. In the case of a droplet resting on a flat surface, the contact angle is referred 
to as the static contact angle (SCA), 𝜃𝑠 . If a small enough amount of liquid is added 
to/removed from a drop, while the contact line does not move, the contact angle will 
increase/decrease. Before the contact line starts to move, the maximum contact angle is 
the advancing contact angle, 𝜃𝑎, whereas the minimum is the receding contact angle, 𝜃𝑟. 
The contact angle 𝜃𝑒 is somewhere between 𝜃𝑎  and 𝜃𝑟, and the difference between 𝜃𝑎 and 
𝜃𝑟, i.e., (𝜃𝑎 − 𝜃𝑟), is usually defined as the contact angle hysteresis. 
 




However, in many practical applications involving droplets, the surrounding gas will 
flow around and interact with the droplets, thus the contact angle is unlikely to stay at 
static equilibrium and will become dynamic contact angle (DCA). In general, SCA is a 
property of the gas-liquid and surfaces whereas DCA is influenced by both gas-liquid and 
surface properties and the gas-liquid interactions. In the gas-liquid two-phase flow 
modeling and simulation, as a critical parameter at the surface boundaries, DCA rather 
than SCA should be used.  
1.4. Challenges 
Based on the literature review, it is known that the numerical simulation based on the 
VOF method is a very promising and powerful research tool in the investigation of water 
management issues in PEMFCs. However, a general DCA model that is able to well 
predict the gas-liquid phenomena in PEMFCs needs to be further developed, and the 
complex flow field design of the PEMFC cathode brings about significant challenges in 
the DCA implementation method and evaluation process. Over the past few years, the 
DCA simulations have been conducted to investigate droplet behaviors on a single 
surface or in a microchannel [21-25], which provides an alternative approach that some 
simple geometry can be used as computational domain at first in the DCA model 
development. Among the available literature, Hoffman function (an empirical correlation 
for DCA, also known as Kistler’s law) has been considered as a promising formula to 
predict the DCA value [26-31]. However, a proper manner to implement the Hoffman 
function still needs to be clarified. Also, some previous studies [29, 31] indicated that the 
Hoffman function has some obvious limitations in the simulation of gas-liquid behaviors 




experiments. Therefore, some necessary modifications for the DCA model implemented 
with Hoffman function should be further conducted.      
1.5. Objectives and Thesis Overview 
This thesis is aimed to develop a more robust DCA model that is capable of simulating 
liquid water behaviors on surfaces or in microchannels and understand the two-phase 
flow behaviors. The contents of each chapter are summarized as follows: 
Chapter 1  
The background of this research is introduced, including the basic knowledge of PEMFC 
and its category, water management problems in PEMFC, definition of contact angle and 
the difference between SCA and DCA, the challenges in the current research progress, 
objectives of this research and the organization of the thesis. 
Chapter 2 
In this chapter, a DCA evolution map is created based on Hoffman function and related 
experiments to better understand the DCA evolving mechanism; based on this evolution 
map, the Advancing-Receding DCA (AR-DCA) model is proposed and explained, in 
addition to the Advancing DCA (A-DCA) model that is based on the original Hoffman’s 
experiments; using user defined function (UDF), the A-DCA and AR-DCA models are 
implemented with Volume of Fluid (VOF) method in ANSYS Fluent; a series of 
numerical simulations are conducted with the SCA, A-DCA and AR-DCA models for 
droplet impact on horizontal and inclined surfaces; the validations of these contact angle 
models are performed, qualitatively and quantitatively, by comparing the numerical 





The validated AR-DCA model is further applied to simulate droplet behaviors on inclined 
surfaces with different droplet impact velocities, impact angles and viscosities, in order to 
investigate the potential of this model in the numerical prediction of droplet deformation 
and evolvement under various conditions. The qualitative results for the droplet spreading 
process are compared to the corresponding experiments from the available literature. 
Also, the quantitative analysis is conducted by comparing the droplet spreading factor 
and spreading length.  
Chapter 4 
This chapter focuses on the improvement and further investigation for the Hoffman-
function-based DCA model. The evaluation method of the contact line velocity in the 
AR-DCA model is modified for the DCA calculation and an i-AR-DCA model is 
proposed. To investigate the effects of the improved strategy for contact line velocity 
treatment, the simulations of droplet impact on inclined surface and liquid water behavior 
in a microchannel are conducted based on AR-DCA and i-AR-DCA model.  
Chapter 5 
The liquid water behavior and flow regimes in a single straight microchannel are studied 
using the VOF method and i-AR-DCA model. On one hand, the simulation is performed 
under a range of water injection rates with fixed air inlet velocity, in order to investigate 
the water inlet flow rate effects on the flow regime; on the other hand, the simulation is 
conducted with different air inlet velocities under specific water injection rates. The flow 
regimes and two-phase flow patterns under these various air/water inlet flow rates will be 





The conclusions and main research findings of this thesis are summarized. Some 
recommendations for the future work are also proposed. 
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COMPARISONS AND VALIDATIONS OF CONTACT ANGLE MODELS 
2.1. Introduction 
Liquid water management is still one of the most challenging issues for the 
commercialization of proton exchange membrane fuel cells (PEMFCs). Numerical 
modeling and simulation can effectively predict liquid water behaviors in gas channels, 
which provide viable approaches to the investigation of two-phase flow in PEMFCs. 
Contact angle, as a crucial parameter in the boundary conditions for numerical 
simulation, has significant effects on droplet deformation and evolvement. However, 
from available literature, it is known that the static contact angle (SCA) is usually 
considered in PEMFC modelling (e.g., the previous works conducted by Zhou et al. [1-6], 
Zhu et al. [7, 8], Qin et al. [9, 10], Ding et al. [11-13], Niu et al. [14, 15], etc.), and the 
dynamic contact angle (DCA) model has not been reported for PEMFC simulations 
mainly because of the complex flow field design. 
In order to apply DCA in PEMFC simulations, first, it is very important to thoroughly 
understand the fundamentals of DCA and its correlations.  
2.1.1. Dynamic Contact Angle Formulation – Hoffman function 
Richard L. Hoffman is one of the pioneers in the experimental investigation of the 
advancing dynamic contact angle (A-DCA) [16]. Hoffman conducted a systematic study 
in flow regime where the viscous and interfacial forces play a dominant role on the 
interface shape. He built up a meniscus type of apparatus to obtain the advancing liquid-




moves over a solid surface and displaces a gas. A microscope was utilized to view the 
interface and capture the images. The interface velocity was evaluated from the plunger 
velocity with a correction factor which is required due to the backflow of the liquid into 
the space between the plunger and the glass tube. The experimental data was obtained 
from five different liquid systems and the capillary number Ca was ranged from 
approximately 4×10
-5 
to 35.4 (𝐶𝑎 = 𝜇𝑉𝑖/𝛾 , where 𝜇  is the dynamic viscosity of the 
liquid, 𝑉𝑖 is the interface velocity and 𝛾 is the surface tension of gas-liquid interface). By 
plotting the data from these experiments, Hoffman noticed, for the first time, that the 
apparent contact angle (essentially the advancing contact angle)  𝜃𝑎 can be determined as 
a function of 𝐶𝑎 + 𝐹(𝜃𝑠), where 𝐹(𝜃𝑠) is defined as the shift factor, which is dependent 
only on the static contact angle 𝜃𝑠. 
However, Hoffman did not provide a formula for the correlation between the dynamic 
contact angle and the sum of Ca and shift factor. In 1993, Kistler [17] proposed the so-
called Hoffman function, also known as Kistler’s law, as follows: 





]}                   (2.1)  
and the dynamic contact angle 𝜃𝑑  can be described by using the following formula: 
𝜃𝑑 = 𝑓Hoff[𝐶𝑎 + 𝑓Hoff
−1 (𝜃𝑠)]                                                  (2.2) 
where the shift factor, 𝑓Hoff
−1  (𝜃𝑠), is obtained from the inverse of the Hoffman function 




2.1.2. Numerical Studies on Dynamic Contact Angle  
In the last decade, several researchers have made efforts in DCA simulations using 
Hoffman function. Sikalo et al. [18] numerically studied the droplet impact on horizontal 
surfaces. Hoffman function was used in the simulation for both spreading process (Ca > 
0) and receding process (Ca < 0). The numerical results were compared with the 
corresponding experimental results and it was concluded that using fixed contact angle as 
one of the boundary conditions is not sufficient and it has obvious limitations in the 
prediction of receding phase. Mukherjee et al. [19] conducted 2-D axisymmetric 
simulation to investigate droplet impact on dry walls using lattice Boltzmann method. 
Hoffman function was employed in this work to calculate DCAs at either advancing or 
receding phase. In Mukherjee’s work [19], the receding contact angle was evaluated by 
directly reversing the advancing contact angle from the equilibrium contact angle. The 
numerical results showed a good consistency with the experiments for the evolution of 
spreading factor and contact angle. Miller [20] and Wu [21] developed DCA model 
implemented with Hoffman function to investigate the dynamics of two-phase flow. The 
authors directly followed the theory of the Hoffman’s experiments [16] by considering 
only the advancing dynamic contact angles in the simulation. It was concluded that the 
dynamic contact line treatment is critical in the numerical simulation of two-phase flow. 
Roisman et al. [22] proposed a new mathematic function to estimate the contact line 
velocity, and Hoffman function was used to calculate the dynamic contact angle 𝜃𝑑. A 
two-phase flow model (2-D axisymmetric) implemented with this methodology was 




apparent contact angle. The results showed that these parameters are in good agreement 
with the experiment.  
From these previous works, it is known that the Hoffman function has been applied in the 
numerical simulations for DCA and recognized as one of the popular formulae for DCA 
research. However, the fundamental understanding on the Hoffman function and a proper 
methodology to implement it in DCA simulations still need to be established.  
In addition to Hoffman function, some other contact angle formulae and models have also 
been used in the numerical studies of dynamic wetting behaviors. Bussmann et al. [23] 
proposed a model coupled with VOF-based code and volume tracking algorithm to study 
the droplet impact and deformation on the inclined surface and sharp edge. Two different 
methods were used to predict contact angles: using measured contact angles at the 
leading and trailing edges from the experiment; modeling contact angle as a function of 
contact line velocity. The numerical results from both scenarios showed excellent 
agreement with the experiments in the droplet shape and spreading factor. However, the 
authors claimed that a more accurate model for the simulation of contact angle versus 
contact line velocity needs to be developed, in order to predict the droplet impact under 
significant inertial or viscous effects. Lunkad et al. [24] numerically simulated the droplet 
behaviors on both horizontal and inclined surfaces by VOF method, using the SCA and 
DCA models. The numerical results are compared to the corresponding experiments from 
Sikalo et al. [25, 26].  It was indicated that both SCA and DCA models are applicable for 
less wettable (SCA > 90°) horizontal surface. However, when the surface is more 




spreading. Fang et al. [27] simulated the liquid-gas microscale flows by a contact angle 
hysteresis model using VOF method. The Hoffman-Jiang correlation [28] and Hoffman-
Tan law [29] were used to simulate the advancing contact angle and receding contact 
angle respectively. The results indicated that the contact angle distribution can affect the 
slug elongation and instability in the microchannel. Legendre et al. [30] investigated the 
effects of different parameters (including liquid viscosity, surface tension, liquid density, 
droplet radius and static contact angle 𝜃𝑠 ) on the droplet spreading on a horizontal 
surface, and the dynamic contact angle is modeled by Cox’s correlation [31]. The 
simulation results showed that 𝜃𝑠  and viscosity can significantly affect the spreading 
phenomena of droplets. Malgarinos et al. [32] presented a novel wetting force model 
based on VOF method in which an additional force term was considered in the 
momentum equation of the mathematical modeling, and the dynamic contact angle is 
directly obtained from the interface shape and adhesion force instead of being considered 
as a boundary condition. The numerical results fit well with the experimental data, as 
well as three different dynamic contact angle models (i.e., the simple advancing-receding 
model [32], DCA model based on Hoffman function [17], and DCA model by 
Shikhmurzaev [33]). It was suggested that this model can effectively predict the droplet 
spreading under low and moderate Weber number (𝑊𝑒 = 𝜌𝑉𝑝
2𝐷/𝛾, where ρ is the droplet 
density, Vp is the impact velocity, D is the droplet initial diameter).  
2.1.3. Summary 
From the literature review, it is known that over the last decades, a series of numerical 
studies were conducted to investigate the contact angle effects on dynamic wetting 




corresponding numerical simulations. The correlations used in DCA simulations from 
available literature are summarized in Table 2.1 and it can be found that Hoffman 
function is one of the promising formulae for researchers to conduct DCA simulations. 
Table 2.1: Correlations Used in DCA Simulations from Available Literature 
Authors and published 
year 
Numerical model Contact angle model/correlations 
Bussmann et al. [23] 
(1999) 
3-D model, Eulerian fixed-
grid algorithm and VOF-
based code 
a) Measured contact angles at the leading 
and trailing edge; 
b) A simpler model: 𝜃𝑑 = 𝜃𝑑(𝑉𝑐𝑙) 
Sikalo et al. [18] (2005) 
2-D axisymmetric model, 
VOF based free-surface 
capturing method 
Hoffman function (spreading process: 
Ca > 0; receding process: Ca < 0) 
Mukherjee et al. [19] 
(2007) 
2-D axisymmetric model, 
lattice Boltzmann method 
Hoffman function 
Roisman et al. [22] 
(2008) 
2-D axisymmetric model, 
VOF method 
Hoffman function 
Fang et al. [27] (2008) 3-D model, VOF method 
𝜃𝑎: Hoffman-Jiang correlation [28] 
𝜃𝑟: Hoffman-Tan law [29] 
Miller [20] (2009) 
2-D axisymmetric and 3-D 
model, VOF method 
Hoffman function  
Legendre et al. [30] 
(2013) 
2-D axisymmetric model, 
VOF method 
Cox’s correlation [31] 
Malgarinos et al. [32] 
(2014) 
Wetting force model and 
VOF method 
a) Simple advancing-receding model 
b) Hoffman function 
c) Shikhmurzaev’s model [33] 
In this Chapter, a DCA evolution map is created to clarify the fundamental understanding 
of Hoffman function and illustrate the DCA evolving mechanism; based on this evolution 
map, the Advancing-Receding DCA (AR-DCA) model is proposed and explained, in 




Hoffman's experiments. Using User Defined Function (UDF), the Hoffman function is 
implemented into A-DCA and AR-DCA models. Then, with VOF method, a series of 
simulations for droplet (water and glycerin) impact on horizontal and inclined surfaces 
are conducted based on the A-DCA, AR-DCA and SCA models. The numerical results 
from these three models are compared qualitatively and quantitatively to the 
corresponding experimental results from Sikalo et al [25, 34]. 
2.2. Fundamental Understanding of Hoffman Function 
From Hoffman’s original experiments [16], it is known that the advancing liquid-air 
interface was captured to investigate the relation between the advancing contact angle 
and capillary number. Thus, the A-DCA model is developed by following the basic 
understanding of Hoffman function, and the Equation (2.2) is utilized to predict the 
advancing contact angle. For Ca > 0, 𝐶𝑎 + 𝑓Hoff
−1 (𝜃𝑠)  > 𝑓Hoff
−1 (𝜃𝑠) , then the value of 
𝜃𝑑 (𝜃𝑑 = 𝑓Hoff[𝐶𝑎 + 𝑓Hoff
−1 (𝜃𝑠)]) will be always greater than that of the static contact 
angle 𝜃𝑠, which refers to the advancing phase. In the previous research work by Miller 
[20], the 2-D axisymmetric simulation of water droplet impact on horizontal surface was 
conducted with DCA model, which considered only the advancing dynamic contact 
angles: the capillary number in the UDF code of Ref. [20] was assumed to be always 
positive while the advancing dynamic contact angle was calculated. 
In addition to A-DCA model, another method to employ Hoffman function is to consider 
both advancing and receding contact angles, defined as AR-DCA model in this thesis. 
Figure 2.1 shows a dynamic contact angle evolution map which is used to better illustrate 




Hoffman’s experiments [16]). We assume a point p on the curve where the liquid system 
reaches the equilibrium state and the contact angle at this moment will be the static 
contact angle 𝜃𝑠. The x-coordinate of point p, xp, is the shift factor of this liquid system, 
because when the contact line velocity Vcl = 0, xp = 𝜇𝑉𝑐𝑙/𝛾 + 𝑓Hoff
−1 (𝜃𝑠) = 𝑓Hoff
−1 (𝜃𝑠). When 
Vcl > 0, 𝜇𝑉𝑐𝑙/𝛾 + 𝑓Hoff
−1 (𝜃𝑠) > xp, 𝜃𝑑 = 𝑓Hoff[𝜇𝑉𝑐𝑙/𝛾 + 𝑓Hoff
−1 (𝜃𝑠)] > 𝜃𝑠, which refers to the 
advancing phase (on the right side of point p along the curve as shown in Figure 2.1; 
when Vcl < 0, 𝜇𝑉𝑐𝑙/𝛾 + 𝑓Hoff
−1 (𝜃𝑠) < xp, 𝜃𝑑 = 𝑓Hoff[𝜇𝑉𝑐𝑙/𝛾 + 𝑓Hoff
−1 (𝜃𝑠)] < 𝜃𝑠, which refers 
to the receding phase (on the left side of point p along the curve as shown in Figure 2.1.  
 
Figure 2.1: Dynamic contact angle evolution map. 
2.3. Numerical Methodology  
In this study, by creating a UDF code in ANSYS Fluent, the A-DCA and AR-DCA 
models are developed with the implementation of DCA at the wall boundary. The VOF 




2.3.1. Governing Equations with Volume of Fluid (VOF) Method 
The mass conservation equation is expressed as: 
𝜕(𝜌)
𝜕𝑡
+ ∇ ∙ (𝜌?⃑? ) = 0                                                     (2.3) 
In the VOF model, the gas and liquid phases can be considered as a two-phase mixture 
flow. The mixture density and viscosity can be calculated by: 
𝜌 = 𝑠𝑙𝜌𝑙 + 𝑠𝑔𝜌𝑔                                                       (2.4)                                                   
𝜇 = 𝑠𝑙𝜇𝑙 + 𝑠𝑔𝜇𝑔                                                      (2.5)                                                 
where 𝑠𝑙 is the volume fraction of liquid phase and 𝑠𝑔 is the volume fraction of gas phase. 
The sum of the volume fraction is:  
𝑠𝑙 + 𝑠𝑔 = 1                                                        (2.6)                                                   
The interface between the gas and liquid phase is tracked by solving the continuity 
equation for the volume fraction of one of the phases, e.g., for liquid phase: 
𝜕(𝑠𝑙𝜌𝑙)
𝜕𝑡
+ ∇ ∙ (𝑠𝑙𝜌𝑙?⃑? ) = 0                                          (2.7) 
A single momentum equation is given by: 
𝜕
𝜕𝑡
(𝜌?⃑? ) + ∇ ∙ (𝜌?⃑? ?⃑? ) = −∇𝑝 + ∇ ∙ [𝜇(∇?⃑? + ∇?⃑? T)] + 𝑆𝑚             (2.8) 




be expressed as:  
𝑆𝑚 = 𝜌𝑔 + 𝛾𝜅
𝜌∇𝑠𝑙
(𝜌𝑙 + 𝜌𝑔)/2
                                       (2.9) 
where 𝛾 is the surface tension coefficient and 𝜅 is the surface curvature.   
For the numerical simulation for droplet impact on horizontal and inclined surface in this 
study, the time step is set as 1×10
-6
 s for all the cases to keep the Courant number (Co) 
less than 0.5, in order to ensure the calculation stability.  
2.3.2. Implementation of Contact Angle Models 
Using ANSYS Fluent, the SCA model is employed with the input static contact angle 𝜃𝑠 
at the wall boundaries. The surface unit normal ?̂? is determined by: 
?̂? = ?̂?𝑤 cos 𝜃𝑠 + ?̂?𝑤 sin 𝜃𝑠                                              (2.10) 
where ?̂?𝑤 and ?̂?𝑤 refer to the unit vectors normal and tangential to the wall respectively. 
In A-DCA and AR-DCA models, Equation (2.11) is used instead of Equation (2.10): 
?̂? = ?̂?𝑤 cos 𝜃𝑑 + ?̂?𝑤 sin 𝜃𝑑                                             (2.11) 
𝜃𝑑  is the dynamic contact angle applied at the wall boundaries through a UDF code based 
on the Hoffman function, i.e., Equation (2.1) and (2.2).  
In order to implement the DCA models, the authors have used the original UDF code 
from Ref. [20] to try a few simple tests and found that it did not work properly for our 




capillary number Ca to be the absolute value of 𝜇𝑉𝑐𝑙/𝛾, i.e., 𝐶𝑎 = 𝜇|𝑉𝑐𝑙|/𝛾. Therefore, 
for the results reported in this Chapter, we build our own UDF code to implement both A-
DCA and AR-DCA models, based on the experience we learned through testing the 
original UDF code in Ref. [20]. 
2.4. Numerical Model Description 
2.4.1. Experiments for Validation 
Sikalo et al. [25, 34] conducted a series of experiments for droplet impact on horizontal 
and inclined surfaces, and investigated the droplet dynamic behaviors and phenomena. A 
schematic diagram for the droplet impact on the inclined surface in the experiment is 
shown in Figure 2.2: the droplet falls down vertically with an angle α between the falling 
direction and the surface. In the case of the horizontal surface, the angle α becomes 90°.  
 
Figure 2.2: Schematic of droplet impact on a surface [25]. 
In the present study, four cases are selected and simulated: 1) glycerin droplet impact on 
horizontal smooth glass [34]. 2) water droplet impact on smooth glass (α = 45°) [34]; 3) 
water droplet impact on smooth glass (α = 10°) [25]; 4) water droplet impact on wax (α = 




in Table 2.2. 





























1 Glycerin 2.45 90 0.063 116 1220 17-13 391 2.871 
2 Water 2.7 45 0.073 1.0 996 10-6 391 3.253 
3 Water 2.7 10 0.073 1.0 996 10-6 391 3.253 
4 Water 2.7 10 0.073 1.0 996 105-95 391 3.253 
2.4.2. Computational Domain and Input Parameters 
For the numerical simulation, a three-dimensional cylinder computational domain is 
employed in the present study, as shown in Figure 2.3(a), with the radius (R) of 7.5 mm 
and height (H) of 4 mm. The direction of gravity is set along the negative Y-axis. The 
mesh type is triangular wedge and a refinement of the mesh near the bottom wall is 
conducted in order to better simulate the droplet interface near the boundary wall. The 
no-slip boundary condition is applied on the bottom wall. The pressure-inlet boundary is 
implemented on the remaining surfaces to represent the surrounding atmosphere with 
gauge total pressure set as zero. Figure 2.3(b) is a schematic of the droplet initial and 
impact positions in the computational domain. In the beginning of the numerical 
simulation, the droplet is patched in the domain with an initial velocity V0 (negative Y-
axis direction) and falling distance d0 in order to achieve the impact velocity Vp in the 
corresponding experiment. The input SCA in the simulation for the shift factor 𝑓Hoff
−1  (𝜃𝑠) 
is determined by the equilibrium value between θa and θr. The detailed input parameters 




First, in order to ensure the computational domain is sufficiently reliable for the 
simulation, the effect of domain size on the simulation results is tested based on the 
current domain (R = 7.5 mm and H = 4 mm) and another domain with larger radius (R = 
9 mm and H = 4 mm). Figure 2.4(a) and (b) show the comparison of the ratio l/h (droplet 
spreading length/droplet apex height) in terms of a dimensionless time t* (t* = t·Vp/D 
[25], where t is the time from impact) based on these two domains for Case 1 and Case 2 
respectively and the results are nearly identical, indicating that the increase of domain 
size has no significant effects on the simulation for droplet deformation.  
  
(a) (b) 
Figure 2.3: (a) Schematic of computational domain used in the numerical simulation; (b) 
Schematic of the droplet initial and impact position in the computational domain (side-view). 
 
 
Table 2.3: Simulation Parameters for Selected Cases 
Case # 
Droplet initial 











1 2.867 1.225 0.42 2.871 15 
2 3.250 1.100 0.33 3.253 8 
3 3.250 1.100 0.33 3.253 8 






    (a)        (b) 
Figure 2.4: Effects of computational domain size on the numerical results: (a) Case 1; (b) Case 2. 
2.4.3. Mesh Independency 
In the present study, the mesh independency is performed by applying different number 
of nodes along the side edge (i.e., the direction along the height (H = 4 mm)) and the 
bottom edge. The information of different grid resolutions is shown in Table 2.4.  




Number of nodes 
along the height 
(H) 
Number of 
nodes along the 
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Figure 2.5 and Figure 2.6 show the numerical results under different grid resolutions 
(under Case 1 and 2) for both qualitative and quantitative comparisons.  It can be noted 
that for the glycerin droplet impact on horizontal surface (Case 1), the droplet profile 




B, C and D is quite similar, as shown in Figure 2.5(a). However, from Figure 2.5(b), it 
can be seen that the evolutions of l/h versus t* from all the grid resolution types are close 
before approximately t* = 1.6; after that, the values of l/h from Resolution C and D (finer 
grid) have a sudden drop at about t* = 2.0, which is not reflected in coarser grids 
(Resolution A and B). For the water droplet impact on 45° inclined surface (Case 2), an 
obvious improvement on the simulation quality can be observed from Resolution A and 
B to Resolution C and D, as shown in Figure 2.6(a): under coarse grid (Resolution A), the 
droplet forms liquid slug when it slides along the surface while under Resolution B, C 
and D, the droplet can fully spread on the surface and form liquid film; also, for the last 
profile (2.0 ms), the leading edge of the liquid film breaks up into small parts under 
Resolution B whereas the finer grid (Resolution C and D) can generate smooth rim and 
the major features are identical. The quantitative comparison for Case 2 (Figure 2.6(b)) 
also shows that the Resolution A results in lower value of l/h. Considering the increased 
computational cost with the increase of the number of nodes, the grid resolution type C is 
adopted for all the four cases in the present study.  
  
(a)        (b) 
Figure 2.5: Numerical results of Case 1 under different grid resolution: (a) grid resolution type A; (b) 





(a)        (b) 
Figure 2.6: Numerical results of Case 2 under different grid resolution: (a) grid resolution type A; (b) 
grid resolution type B; (c) grid resolution type C; (d) grid resolution type D.  
 
2.5. Results and Discussion 
In the present study, the dynamic contact angle is evaluated by Hoffman function using 
two different methods: 1) only advancing dynamic contact angles are considered in the 
simulation (A-DCA model); 2) both advancing and receding dynamic contact angles are 
considered (AR-DCA model). The simulations using static contact angle (SCA) model 
are also conducted. The numerical results from these three models for all the four selected 
cases are shown as follows, with the comparisons to the corresponding experiments. 
2.5.1. Qualitative Results 
2.5.1.1. Comparisons of the Numerical Results for Case 1 
Figure 2.7 shows the side view of the comparison of the numerical results for Case 1 




the simulation (Figure 2.7(b), (c) and (d)) are identical to those from the experiment 
(Figure 2.7(a)) in Ref. [34]. The droplet impact time ti in the simulation is 0.42 ms (as 
shown in Table 2.3), thus the last three profiles (0.520 ms, 0.680 ms and 2.440 ms) are 
corresponding to the experimental results at 0.100 ms, 0.260 ms, and 2.020 ms. Figure 
2.8 shows the 3D-view of the numerical results at different time instants in the 
simulation. From both the side-view and 3D-view, it is noted that the numerical results 
from these three models are almost the same and all of them perfectly match the 
experimental results. This is because in Case 1, only the advancing phase is captured in 
the experiment (Figure 2.7(a)) for the droplet spreading process and thus the receding 
effect is not reflected in the simulation. Also, in the early spreading process of Case 1, 
because of the dominated gravitational force and higher Weber number (391) at the 
impact instant, the DCA effects are not significantly reflected in DCA models.  
 
Figure 2.7: Comparison of numerical and experimental results for Case 1 (side-view). (a) 
Experiment at 0.100, 0.260, 2.020 ms (last three profiles) after impact [34]; (b) A-DCA model 





Figure 2.8: Comparison of numerical results for Case 1 (3D-view). (a) A-DCA model; (b) AR-
DCA model; (c) SCA model. 
2.5.1.2. Comparisons of the Numerical Results for Case 2 
In order to further investigate the advancing and receding effects on the simulation, 
another three cases for droplet impingement on inclined surfaces are also simulated with 
these three models and the results are compared qualitatively.  
Figure 2.9 and Figure 2.10 show the comparison of the numerical results from A-DCA, 
AR-DCA and SCA models for Case 2 by side-view and 3D-view respectively. The time 
instant of the droplet impact is 0.33 ms in the numerical simulation (as shown in Table 
2.3), thus the droplet at 0.42 ms, 1.08 ms, and 2.45 ms are selected for the comparison, 
which is corresponding to the droplet at 0.09 ms, 0.75 ms and 2.12 ms respectively in the 
experiment (Figure 2.9(a)). From the side-view, it is noted that the simulation results 
from these three models for the first two droplet profiles (0.42 ms, 1.08 ms) are all very 
similar to the experiment. However, for the last profile (2.45 ms), when the droplet 
almost fully spreads onto the surface, the surface of liquid film from SCA model is 





Figure 2.9: Comparison of numerical and experimental results for Case 2 (side-view). (a) 
Experiment [34]; (b) A-DCA model; (c) AR-DCA model; (d) SCA model. 
 
Figure 2.10: Comparison of numerical results for Case 2 (3D-view). (a) A-DCA model; (b) 
AR-DCA model; (c) SCA model. 
From the 3D-view, the distinction of the numerical results from the three models can be 
observed: on one hand, for A-DCA and AR-DCA models, when the droplet spreads and 
moves downwards along the surface, the trailing edge of the droplet from A-DCA model 
starts to break into several small parts (child droplets) and tends to separate from the 
main part (mother droplet), as shown in Figure 2.10(a); whereas for AR-DCA model, 
there is some raised rim on the edge area and the droplet shape tends to vary more 




two distinct phenomena is that, for A-DCA model, only the advancing phase is 
considered in the process and the contact line velocity is always positive, which results in 
higher dynamic contact angle values than that of the AR-DCA model (in AR-DCA 
model, receding phase is also considered and contact line velocity can be negative). Then 
the higher dynamic contact angles at the trailing edge will break up the droplet and 
facilitate the formation of child droplets. It is also observed that the droplet deformation 
at the leading edge area from these two models is very similar, because for the cases of 
droplet inclined spreading, the advancing phase is dominant at the droplet leading edge, 
and both A-DCA and AR-DCA models can simulate the advancing dynamic contact 
angles.  
On the other hand, comparing the numerical results of SCA model to the two DCA 
models, it can be seen that the droplet from SCA model constantly spreads stably and the 
edge is smoother. This is because in SCA model, the contact angle is not affected by the 
contact line velocity and surrounding flow, which will result in a more stable process for 
the droplet spreading and deformation. Although only the side view of the droplet 
profiles from the experiment is provided as shown in Figure 2.9(a), it still can be 
observed that in the later spreading phase, the droplet edge is not able to remain in a 
smooth profile. It is indicated that for Case 2, the numerical results from AR-DCA model 
are closer to the experiment, especially for the last droplet profile. 
2.5.1.3. Comparisons of the Numerical Results for Case 3 
As shown in Figure 2.11 and Figure 2.12, comparing with the experimental results of 




the spreading phenomena in this case while the results from AR-DCA model have an 
excellent agreement with the experiment: for A-DCA model, the trailing edge of the 
droplet slides down with the moving of the main part because of the higher dynamic 
contact angles; whereas for AR-DCA model, the trailing edge of the droplet tends to be 
fixed on the glass surface when the main part of the droplet moves downwards, because 
the receding phase is considered and dynamic contact angles become smaller. In this 
case, the SCA value for the water on smooth glass is set as 8° in the simulation, which 
indicates the high wettability. Also, from the comparison of the numerical results based 
on SCA model and AR-DCA model, it can be seen that the first two droplet profiles (from 
top to bottom) are very similar and can match the experimental results very well. 
However, for the last droplet profile, only the result from AR-DCA model is similar to 
the experiment: the apparent contact angle observed at the front interface of the droplet 
from AR-DCA model is larger than that of the SCA model, as shown in Figure 2.11(c) 
and Figure 2.11(d). This is because in AR-DCA model the contact angle is varied from 
the equilibrium point with the moving of contact line, and it will further lead to the 
increase of apparent contact angle at the droplet front interface. 
 
Figure 2.11: Comparison of numerical and experimental results for Case 3 (side-view) (a) 






Figure 2.12: Comparison of numerical results for Case 3 (3D-view) (a) A-DCA model; (b) AR-
DCA model; (c) SCA model. 
2.5.1.4. Comparisons of the Numerical Results for Case 4 
For Case 4, from the side-view (Figure 2.13), some differences between the results from 
A-DCA and AR-DCA models can also be observed: the length of the trailing part of the 
last droplet (marked in the red circle) from AR-DCA model is longer, because in AR-
DCA model, the receding effect is considered and the trailing edge tends to rebound when 
the droplet slides down, which is closer to the experiment. From the 3D-view of the 
results from A-DCA model, it can be observed that there are several sharp edges emerged 
on the trailing edge of the droplet at t = 2.4 ms, as shown in Figure 2.14(a); whereas for 
AR-DCA model, at the same instant, the trailing edge of the droplet tends to converge to 
one sharp edge and rebound at the end of the droplet tail, as shown in Figure 2.14(b).  
Also, comparing the numerical results of SCA model and AR-DCA model, it is observed 




longer than that of SCA model, as shown in Figure 2.13(c) and (d), and the rebound 
phenomenon of the droplet tail cannot be well simulated and reflected in SCA model. 
 
Figure 2.13: Comparison of numerical and experimental results for Case 4 (side-view) (a) 
Experiment [25]; (b) A-DCA model; (c) AR-DCA model; (d) SCA model. 
 
Figure 2.14: Comparison of numerical results for Case 4 (3D-view) (a) A-DCA model; (b) AR-
DCA model; (c) SCA model. 
In summary, from the qualitative comparisons, it can be concluded that for Case 1, the A-
DCA, AR-DCA and SCA models are all able to simulate the droplet spreading 




on inclined surfaces (Case 2, Case 3 and Case 4), only the AR-DCA model can well 
simulate the droplet dynamics and deformation for all the selected cases, and the 
numerical results have excellent agreement with the corresponding experimental results.  
2.5.2. Quantitative Results 
In order to quantitatively compare the numerical results from the A-DCA, AR-DCA and 
SCA models against the corresponding experimental results, the spreading factor x/D at 
the leading and trailing side (xleading/D and xtrailing/D) as a function of dimensionless time 
t* after impact, are plotted and analyzed. The droplet spreading length on the surface is 
also evaluated and compared by using a dimensionless parameter l/D versus t*.  
Meanwhile, for A-DCA and AR-DCA models, the evolution of contact angles at the 
leading and trailing edges (θleading and θtrailing) versus time t are studied by analyzing the 
data extracted from corresponding UDF code. The Case 2, Case 3, and Case 4 are 
investigated in this section to better understand and illustrate the differences of the 
qualitative numerical results from the three models (Case 1 is not discussed here because 
the numerical results of Case 1 from the three contact angle models are almost identical 
and the relevant quantitative experimental data is not provided in the literature).  
2.5.2.1. Spreading Factor and Dimensionless Spreading Length (l/D)  
For Case 2 (water droplet impact on 45° inclined smooth glass), comparing the spreading 
factors from A-DCA, AR-DCA, SCA models and the experiment (data extracted from 
Ref. [25]), it is noted that the spreading factors at the leading side xleading/D from the three 
contact angle models have excellent agreement with those measured from the experiment, 




spreading factors at the trailing side xtrailing/D are also close to those from the experiment 







Figure 2.15: Comparisons of the spreading factor x/D (left column) and dimensionless droplet 




For Case 3 (water droplet impact on 10° inclined smooth glass), xleading/D from all the 
three models can match the experiment very well, whereas the trend of xtrailing/D from A-
DCA model is significantly different from the experimental result, as shown in Figure 
2.15(b): the value of xtrailing/D from A-DCA model declines sharply from approximately 
t* = 0.4, which indicates the slipping down of the droplet from the impact point 
(corresponding to the phenomenological observation of the numerical results in Figure 
2.11(b)); and the droplet spreading length from A-DCA model is shorter than that of the 
AR-DCA and SCA models and the experiment, showing that the A-DCA model is not 
able to well simulate droplet behaviors in Case 3.  
For Case 4 (water droplet impact on 10° inclined wax), the spreading factors from the 
three models are all in good agreement with the experimental results. However, the value 
of l/D from AR-DCA model is slightly higher than that of the A-DCA and SCA model, 
indicating the spreading length is closer to the experiment (corresponding to the 
phenomenological observation in Figure 2.13). 
2.5.2.2. Contact Angle at the Leading and Trailing Edges  
Figure 2.16(a)-(c) show the comparisons of contact angle values at the leading and 
trailing edges for A-DCA and AR-DCA models in Case 2, Case 3 and Case 4 
respectively. For Case 2, θleading from A-DCA and AR-DCA models decrease from 
approximately 65° to 40°, whereas a significant difference in θtrailing can be captured: 
although θtrailing from both of the two DCA models declines with fluctuation from about 
62°, the θtrailing from A-DCA model is always greater than the SCA (the horizontal dashed 




SCA after t* = 1.28, which is corresponding to the qualitative simulation results in Figure 
2.10 (the higher θtrailing values from A-DCA model lead to the partial break-up of the 





Figure 2.16: Comparisons of contact angles at the leading and trailing edges in terms of t*: (a) 
Case 2; (b) Case 3; (c) Case 4. 
For Case 3, θleading from the two DCA models has a variation range from approximately 
48° to 64°; θtrailing from A-DCA model fluctuates around 40° (higher than SCA) while the 
θtrailing values from AR-DCA model are always below the SCA value, which further 




2.11(b) and (c): for A-DCA model, the trailing edge of the droplet slides down because of 
the higher θtrailing values (lower wettability); for AR-DCA model, the trailing edge of the 
droplet remains fixed on the surface due to the lower θtrailing values (higher wettability).  
For Case 4, θleading from the two DCA models varies from about 107° to 113° in the 
simulation period; the θtrailing from A-DCA model slightly fluctuates from approximately 
102° to 107° (always greater than the SCA value 100°) while the θtrailing from AR-DCA 
model varies in a range of about 91° to 97° (always smaller than the SCA value). 
Comparing the corresponding numerical results in Figure 2.13, it is noted that the lower 
θtrailing values from AR-DCA model enable a longer length of the trailing part and the 
rebound phenomenon of the droplet tail is only observed from the results of AR-DCA 
model.  
In summary, with the comparisons of contact angle at the leading and trailing edges, it is 
indicated that the evolution trend of θleading from A-DCA and AR-DCA model are very 
similar. However, there is a clear distinction of the θtrailing variations between the two 
DCA models, which is directly related to the different phenomena in the droplet 
deformation and evolvement from the qualitative results. It is also further validated that 
only the AR-DCA model is capable of simulating both advancing and receding phases. 
2.6. Conclusions 
In this study, the A-DCA model and AR-DCA model were proposed to summarize two 
different methods in Hoffman-function-based DCA simulations, i.e., considering only 
advancing dynamic contact angles (A-DCA model); considering both advancing and 




A-DCA, AR-DCA and SCA models were conducted systematically for the first time, to 
investigate the potential of these models to be applied in the PEMFC-related simulations. 
A DCA evolution map was created to better illustrate and understand the DCA evolving 
mechanism in the simulation process. For A-DCA and AR-DCA models, the dynamic 
contact angle is considered as a boundary condition and calculated by Hoffman function 
using the user defined function (UDF). A series of numerical simulations were conducted 
based on these three models, and the numerical results were compared to the 
corresponding experiments documented in Ref. [25, 34]: glycerin droplet impact on 
horizontal smooth glass (Case 1); water droplet impact on inclined 45° smooth glass 
(Case 2); water droplet impact on inclined 10° smooth glass (Case 3); water droplet 
impact on inclined 10° wax (Case 4). The main results and conclusions are summarized 
as follows: 
(1) For Case 1, the numerical results from these three models were very similar to 
each other from both side-view and 3D-view, and they all can fit the 
experimental results very well. This is because Case 1 focused on the early 
spreading process after the glycerin droplet impact, which makes the DCA effects 
not evident. 
(2) For Case 2, Case 3, and Case 4, the differences of the numerical results for the 
three models were remarkable.  Compared to the corresponding experiments, it 
was indicated that only the AR-DCA model is capable of well simulating the 
droplet deformation and evolvement. The receding effects, e.g., the trailing edge 
of the droplet fixed on the surface in Case 3, the rebounded trailing edge in Case 




(3) For Case 2, Case 3, and Case 4, the results from SCA model showed smoother 
droplet profile than those from DCA models, especially from the 3D-view. 
However, droplet spreading after impingement on inclined surface is not a stable 
process, and some phenomena such as raised rim around the edge (Case 2), 
rebound of trailing edge (Case 4) can be observed from the corresponding 
experiment and numerical results (AR-DCA model). It was indicated that SCA 
model can only partially simulate the droplet dynamics and has obvious 
limitations. 
(4) In order to better understand the phenomena of droplet deformation and 
evolvement in the spreading process, and investigate the cause of different 
numerical results between A-DCA and AR-DCA models (especially in Cases 2, 3 
and 4), the spreading factor x/D, dimensionless droplet spreading length l/D and 
contact angle values at the leading and trailing edges (θleading and θtrailing) were 
analyzed quantitatively. It was further validated and verified that only the AR-
DCA model is able to well simulate the droplet spreading dynamics and 
phenomena on horizontal and inclined surfaces (Case 1, 2, 3 and 4). 
In the future, we will further modify the current AR-DCA model in order to simulate 
droplet dynamics in gas channel under varied air velocities. In addition, this scientific 
tool will be used to investigate the gas-liquid phenomena inside the cathodes of proton 
exchange membrane fuel cells (PEMFCs) with different gas flow field designs, to achieve 
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DROPLET BEHAVIORS ON INCLINED SURFACES WITH DYNAMIC CONTACT 
ANGLES 
3.1. Introduction 
Proton exchange membrane fuel cell (PEMFC) is a type of energy conversion device that 
can produce electricity through electrochemical reaction, with the products of only water 
and heat. In recent years, PEMFCs have received extensive attentions because of the 
notable features such as low operating temperature, high power density, quick start-up, 
quietness, etc. [1]. However, water management is still a critical technical barrier that 
prevents PEMFCs from commercialization. In recent decades, computational modeling 
and simulation provide viable approaches for the researchers to investigate two-phase 
flow problems in PEMFCs and obtain a thorough understanding of the liquid water 
behaviors in flow channels [2]. 
Among the available literature of the water management simulation in PEMFCs, the 
static contact angle (SCA) is usually used as a wall boundary condition, such as the 
previous works [3-8]. However, it is known that when the liquid water interacts with 
surrounding gas flow in PEMFC channels, the contact angle is unlikely to maintain the 
equilibrium status and will be altered from the static value. Therefore, the dynamic 
contact angle (DCA) should be considered in the gas-liquid two-phase flow simulations 
to predict the real droplet dynamics. So far, very few of research works have been 
reported for PEMFC-related simulations using DCA model, especially for PEMFCs with 
complex flow field designs. In a recent work by Wang et al. [9], the DCA model was 




PEMFC with parallel flow design. The liquid water transport, emerging and draining 
process were studied and the results based on DCA and SCA models are systematically 
compared. It was noted that the water distribution pattern in the parallel channels from 
DCA model is more similar to the experiment, indicating the potential of the DCA model 
in the simulation of liquid water behaviors in PEMFC cathode. Qin et al. [10] developed 
a dynamic wettability model coupled with dynamic contact angles and sliding angle to 
simulate water transport in a single straight channel. The results showed that both the 
dynamic contact angles and sliding angle have significant effects on the liquid water 
dynamics. Also, it was found the SCA model is not able to well predict the droplet 
behaviors and the pressure drop in the gas channel.  
In order to further develop the DCA model that can be applied in the simulation of water 
management in PEMFC cathode with complex flow conditions and geometric structures, 
it is very critical to obtain a fundamental understanding of the droplet behaviors on 
surfaces or in microchannels with dynamic contact angles. Over the last decades, many 
research works have been conducted to investigate the contact angle effects on droplet 
deformation and evolvement, with both experimental and numerical methods. Sikalo et 
al. [11-15] made significant contributions in this field by investigating droplet behaviors 
after impingement on surfaces with different conditions, such as droplet property, surface 
inclined angle, surface wettability, droplet impact Weber number, etc. Different droplet 
phenomena were observed in the process, e.g., droplet spreading, sliding, rebound, 
splash, etc. These works not only provide a thorough understanding of droplet 
characteristics on both inclined and horizontal surfaces, but also indicate that the dynamic 




[16] conducted both experimental and numerical studies to investigate the droplet 
deformation and detachment from porous material surfaces with air flow. For the 
experiments, the authors constructed a transparent PEM fuel cell to visualize the water 
flow and also a single air channel for the visualization of single droplet behaviors. In the 
corresponding numerical simulation, the advancing and receding contact angles were 
updated with droplet deformation. It is found that the droplet detachment can be affected 
by both the air inlet velocity and the droplet location inside the channel. Fang et al. [17] 
employed a contact angle hysteresis model with volume of fluid (VOF) method to 
simulate the liquid slug flow in a single microchannel. The Hoffman-Jiang correlation 
[18] and Hoffman-Voinov-Tanner Law [19] were used to predict the advancing and 
receding contact angles respectively. An excellent agreement was achieved between the 
numerical results and corresponding experiment for the slug profile and evolvement 
process, indicating the importance of the DCA model in the simulation of droplet 
behaviors instead of the SCA model.  
Recently, in the work of Malgarinos et al. [20] and Jiang et al. [21], the contact angle 
models and correlations that have been applied in DCA simulations were summarized. 
Among the available correlations, Hoffman function is considered as a popular and 
promising formula to predict dynamic contact angles and has been used in many research 
works [22-26]. In our previous paper [21], a fundamental understanding of Hoffman 
function was illustrated by introducing a DCA evolution map. The advancing and 
receding DCA (AR-DCA) model was proposed based on Hoffman function, which 
considers both advancing and receding dynamic contact angles in the simulation process. 




surfaces were conducted based on AR-DCA model, advancing DCA (A-DCA) model and 
SCA model. The results were systematically compared to the corresponding experiments 
by Sikalo et al. [12, 13], in both qualitative and quantitative ways. It was found that only 
the AR-DCA model is able to well predict the droplet behaviors among the three models, 
showing its potential to be applied in the DCA simulation for the complex flow domain. 
In this paper, we further extend our previous work [21] by simulating droplet behaviors 
on inclined surfaces under various conditions, i.e., different impact velocities, impact 
angles, surface wettabilities and droplet viscosities. The droplet deformation and evolving 
phenomena from the numerical results based on these parameters will be compared and 
discussed, in both qualitative and quantitative methods.    
3.2. Numerical Methodology 
In this paper, the VOF method is employed to track the gas-liquid interface, coupled with 
the validated AR-DCA model [21] to apply dynamic contact angle as wall boundary 
conditions. The corresponding governing equations for VOF method and the 
methodology to implement DCA have been reported in our previous paper. More details 
can be found in Ref. [21].  
3.3. Numerical Model Description 
3.3.1. Experiments for Validation 
In this study, a series of cases will be simulated to investigate the droplet behaviors under 
different inclined angles, surface wettabilities, droplet impact velocities and droplet 
viscosities. The schematic view of the experiment is shown in Figure 2.2 in Chapter 2. 




[15] and can be found in Table 3.1. The comparisons of these cases will be conducted by 
the following sections: 1) Effects of impact velocity: Case 1, 2 and 3 (hydrophilic 
surface), Case 4, 5 and 6 (hydrophobic surface); 2) Effects of impact angle: Case 1, 7 and 
8 (hydrophilic surface), Case 4, 9 and 10 (hydrophobic surface); 3) Effects of droplet 
viscosity: Case 11 (with different viscosities).  
























1 Water 2.7 10 1.0 
Smooth 
glass 
8 50 1.163 
2 Water 2.7 10 1.0 
Smooth 
glass 
8 161 2.088 
3 Water 2.7 10 1.0 
Smooth 
glass 
8 391 3.253 
4 Water 2.7 10 1.0 Wax 100 50 1.163 
5 Water 2.7 10 1.0 Wax 100 161 2.088 
6 Water 2.7 10 1.0 Wax 100 391 3.253 
7 Water 2.7 9.5 1.0 
Smooth 
glass 
8 50 1.163 
8 Water 2.7 20 1.0 
Smooth 
glass 
8 50 1.163 
9 Water 2.7 5 1.0 Wax 100 50 1.163 
10 Water 2.7 20 1.0 Wax 100 50 1.163 
11 Glycerin 2.45 9 Varied 
Smooth 
glass 




3.3.2. Computational Domain and Grid Independency  
In this study, the computational domain is the same as the one used in the previous 
chapter. The grid independency check has also been conducted. More detailed 
descriptions can be referred to Section 2.4.2 and 2.4.3 in Chapter 2. 
3.4. Results and Discussion 
Sikalo et al. [15] conducted a comprehensive experimental study on droplet impact on 
inclined surfaces and investigated the effects of impact parameters on the droplet 
behavior and spreading phenomena. In this study, we further apply the validated AR-
DCA model [21] to simulate the droplet spreading and evolvement process on inclined 
surfaces under different impact velocities, impact angles and droplet viscosities. The 
numerical results are presented in the following sections and also compared to the same 
corresponding experiments from the literature. 
3.4.1. Effects of Impact Velocity 
3.4.1.1. Qualitative Results 
Figure 3.1(a)-(b) show the experimental and numerical results for the impact of a water 
droplet on smooth glass (α = 10°) with impact Weber number 50, 161 and 391, which is 
corresponding to the Case 1, 2 and 3 respectively in Table 3.1. From the qualitative 
comparison, it is noted that the simulation results based on the current DCA model have 
excellent agreement with the same experiment from the literature. As shown in Figure 
3.1(a), under the low impact Weber number (50), the droplet slides down along the 
surface with small liquid film at the trailing edge, with minor distortion on the droplet 




When it comes to 9 ms, the droplet almost fully spreads onto the surface. With the 
increase of the Weber number is to 161 and 391, the droplet leading edge will slide down 
faster along the surface (at t = 1, 2 ms, the distance between the droplet leading edge and 
impact point is increased) whereas the trailing edge remains fixed on the surface because 
of the high wettability of the smooth glass. 
   
Figure 3.1: Impact of water droplet on smooth glass with α = 10° and different impact velocities 
(Left side: experiment from Sikalo [15]; Right side: numerical results in the present study): (a) 
We = 50, t =0, 1, 2, 9 ms; (b) We = 161, t =0, 1, 2, 5 ms; (c) We = 391, t =0, 1, 2 ms.       
Besides the hydrophilic surface, the droplet behaviors on the hydrophobic surface (wax) 
are also simulated under different impact velocities (Case 4, 5, 6 in Table 3.1) and the 
results are shown in Figure 3.2(a)-(c). Due to the low wettability, the droplet trailing edge 
will slide down with the droplet and form a slug shape as shown in the last droplet profile 
in Figure 3.2(a) (t = 9 ms) and Figure 3.2(b) (t = 5 ms). The effects of impact velocity can 
also be observed by comparing the first two droplet profile (t = 1, 2 ms) after impact: 
with the increase of the impact velocity, the droplet slides down faster on the surface, 




   
Figure 3.2: Impact of water droplet on wax with α = 10° and different impact velocities (Left 
side: experiment from Sikalo [15]; Right side: numerical results in the present study): (a) We = 
50, t =0, 1, 2, 9 ms; (b) We = 161, t =0, 1, 2, 5 ms; (c) We = 391, t =0, 1, 2 ms.       
3.4.1.2. Quantitative Results 
Only from the qualitative observation, it is not sufficient to well reflect the influence of 
the impact velocity on the droplet spreading process and deformation, therefore the 
quantitative analysis is conducted based on the spreading factor (x/D) at the leading and 
trailing side (xleading/D and xtrailing/D) in terms of the dimensionless time t* (t* = t·Vp/D). 
Figure 3.3(a) shows the comparison of spreading factor (x/D) versus t* under Weber 
number 50, 161, 391 for water droplet impact on 10° smooth glass from the simulation. It 
is noted that the variation trends for both leading edge and trailing edge are almost 
identical: the xleading/D continuously grows up with time in the process, which 
corresponds to the droplet leading edge sliding away from the impact point in the 
qualitative results (Figure 3.1); whereas for the trailing edge, the values of xtrailing/D are 
all close to zero, which represents the phenomenon of the trailing edge fixed on the 




agreement with the experimental data from Sikalo et al. [15] (Figure 3.3(b)). Also, Figure 
3.4 shows the evolution of dimensionless spreading length l/D versus t* from the 
simulation and it can be seen that nearly no difference occurs for the evolution of l/D 
under different impact velocities, indicating the insignificant effects of the impact 
velocity on the droplet spreading on the hydrophilic surface. 
  
(a) (b) 
Figure 3.3: Comparison of spreading factor under different impact velocities (We = 50, 161, 391) for 
water droplet impact on 10° smooth glass: a) simulation and b) experiment [15].  
 
 
Figure 3.4: Comparison of dimensionless spreading length under different impact velocities (We = 






For the hydrophobic case, as shown in Figure 3.5(a), the spreading factor at the trailing 
edge shows a significantly different trend: the xtrailing/D varies around zero before t* = 
0.35, indicating that the trailing edge is still fixed on the surface at the early spreading 
stage; after that, the spreading factor declines with t*, which corresponds to the sliding of 
the droplet trailing edge along with the droplet due to the low wettability of the surface. 
The negative value of xtrailing/D means that the trailing edge is sliding down and located 
on the same side as the leading edge relative to the impact point. It is also noted that after 
about t* = 2.0, the higher impact We will lead to higher value of xtrailing/D, indicating the 
trailing edge slides down less distance from the impact point, which is in good 
consistency with the experimental data (Figure 3.5(b)) and results in longer droplet 
spreading length, as shown in Figure 3.6.  
  
(a) (b) 
Figure 3.5: Comparison of spreading factor under different impact velocities (We = 50, 161, 391) for 






Figure 3.6: Comparison of dimensionless spreading length under different impact velocities (We = 
50, 161, 391) for water droplet impact on 10° wax (simulation).  
3.4.2. Effects of Impact Angle 
3.4.2.1. Qualitative Results 
Figure 3.7(a)-(c) show the droplet behavior on smooth glass under different impact 
angles (α = 9.5°, 10° and 20°) respectively (corresponding to Case 7, 1 and 8), from the 
experiment [15] and numerical simulation. The impact Weber number is set as 50 for all 
the three cases. For Case 7, it is observed that the droplet is deformed from the spherical 
shape to the long liquid film when the droplet leading edge is sliding down; no slipping 
of the trailing edge occurs, which is a common phenomenon on the hydrophilic surface, 
as shown in Figure 3.7(a). Excellent agreement is also obtained between the numerical 
results and the experiment at multiple instants, further demonstrating the capability of the 
current DCA model to predict the droplet behaviors and evolvement. From the qualitative 
results, it can be seen that when the impact angle α is increased from 9.5° to 20°, the 
droplet has stronger tendency to spread at the leading edge, as shown in Figure 3.7(a-c) at 
t = 2 ms. This is because under larger impact angle α, the normal impact Weber number 





   
Figure 3.7: Impact of water droplet on smooth glass with We = 50 and different impact angle α 
(Left side: experiment from Sikalo [15]; Right side: numerical results in the present study): (a) α 
= 9.5°, t =0, 2, 4, 6, 8 ms; (b) α = 10°, t =0, 1, 2, 9 ms; (c) α = 20°, t =0, 1, 2, 9 ms.       
Similar phenomenon can also be observed on hydrophobic surfaces, as shown in Figure 
3.8(a)-(c) for the impact of water droplet on wax with α = 5°, 10° and 20°. Meanwhile, 
some typical characteristics of the water-wax system are reflected: with time, both the 
leading and trailing edges slide along the surface and the droplet is deformed into the slug 
shape; the lower impact angle leads to relatively higher apex height of the droplet, mainly 
because of the dominated inertial force in the tangential direction of the surface. 
However, from only the phenomenological observation, the distinction of the droplet 
spreading is not able to be well illustrated. Therefore, the analysis based on quantitative 





   
Figure 3.8: Impact of water droplet on wax with We = 50 and different impact angle α (Left side: 
experiment from Sikalo [15]; Right side: numerical results in the present study): (a) α = 5°, t =0, 2, 
4, 6, 8 ms; (b) α = 10°, t =0, 1, 2, 9 ms; (c) α = 20°, t =0, 1, 2, 9 ms.       
3.4.2.2. Quantitative Results 
Figure 3.9(a) and (b) show the quantitative results for the impact angle effects on droplet 
behaviors under water-smooth glass system from simulation and experiment respectively 
(only the experimental data for the cases under α = 10° and 20° is provided in the 
literature [15]). It is noted that the evolution of the leading edge is not significantly 
affected by the impact angle, whereas for the trailing edge, the value of xtrailing/D will be 
slightly higher with the increase of the impact angle α, which results in longer droplet 
spreading length, as shown in Figure 3.10. This trend is also reflected from the 
observation of qualitative results in Figure 3.7.  
For the water-wax system under various impact angles, the typical evolution trend for 
spreading factor can also be observed: the xleading/D continuously rises up with t*, as 




the droplet leading edge; meanwhile, similar to the hydrophilic case, the evolution of 
xleading/D shows less dependence on the impact angle α; whereas for the trailing edge, it is 
noted the higher impact angle leads to higher value of xtrailing/D, indicating stronger 
tendency of spreading at the trailing edge, which in turn results in a larger droplet 
elongation on the surface, as shown in Figure 3.12. 
  
(a) (b) 
Figure 3.9: Comparison of spreading factor under different impact angles (α = 9.5°, 10°, 20°) for 
water droplet impact on smooth glass with We = 50: a) simulation and b) experiment [15]. 
 
 
Figure 3.10: Comparison of dimensionless spreading length different impact angles (α = 9.5°, 10°, 








Figure 3.11: Comparison of spreading factor under different impact angles (α = 5°, 10°, 20°) 
for water droplet impact on wax with We = 50: a) simulation and b) experiment [15]. 
 
 
Figure 3.12: Comparison of dimensionless spreading length different impact angles (α = 5°, 10°, 
20°) for water droplet impact on wax with We = 50 (simulation).  
3.4.3. Effects of Droplet Viscosity 
The case of glycerin impact on 9° smooth glass with impact We of 391 is selected to 
investigate the viscosity effects on the droplet behaviors. In the work of Sikalo [15], two 
different droplet deformation phenomena are reported: one is partial rebound and another 
is droplet deposition, as shown in Figure 3.13(a) and (b) respectively. The numerical 
results based on the original viscosity (0.116 Pa·s) are shown in Figure 3.13(c) and the 




noticed that using the original properties provided in the literature, only the droplet 
deposition phenomenon can be well simulated based on the current DCA model: the third 
and fourth droplet profiles (from top to bottom) are still in the spreading stage and the 
trailing edge of the droplet remains fixed on the surface when it slides down, which is 
similar to the experimental results in Figure 3.13(b); whereas in Figure 3.13(a), it can be 
observed that the droplet profile at the same instants start to rebound from the surface.  
 
Figure 3.13: Impact of glycerin droplet onto wax with We = 391: (a) droplet partial rebound in 
the experiment [15]; (b) droplet deposition in the experiment [15]; (c) simulation results.       
Since the glycerin solution used in the experiment is mixed by 85 vol.% glycerin and 15 
vol.% water, and the droplet extracted from the solution is very tiny, there could be some 
unavoidable error in the measurement and experiment process, and some of the liquid 
properties (such as density, surface tension, viscosity, etc.) of the droplet may become 
different from those provided in the literature. Considering the “rebound” phenomenon of 
the droplet is observed from the experiment and it cannot be well-predicted in the 




Thus, the effects of different viscosities on droplet impact and deformation are 
investigated in this section.  
3.4.3.1. Recalculation of the Dynamic Viscosity for the Glycerin Solution 
The Refutas Equation [27, 28] is commonly used to calculate the viscosity of the mixture 
of two or more liquids. Firstly, we applied this Refutas equation to recalculate the 
viscosity of the 85% glycerin solution. The viscosity bending number (VBN) for each 
component (glycerin and water in the present study) is calculated by: 
𝑉𝐵𝑁 = 14.534 × 𝑙𝑛(𝑙𝑛( 𝜈 + 0.8)) + 10.975                             (3.1)                                
where ν is the kinematic viscosity (unit: centistokes (cSt)). 
Then the VBN of the blend (mixture) can be determined by: 
𝑉𝐵𝑁𝐵𝑙𝑒𝑛𝑑 = 𝑥𝐴 × 𝑉𝐵𝑁𝐴 + 𝑥𝐵 × 𝑉𝐵𝑁𝐵                                  (3.2)                                    
where xA and xB are the mass fraction of glycerin and water in the blend respectively. 
Finally, the kinematic viscosity of the blend can be solved by: 
𝜈 = 𝑒𝑥𝑝(𝑒𝑥𝑝((𝑉𝐵𝑁𝐵𝑙𝑒𝑛𝑑 − 10.975)/14.534)) − 0.8                   (3.3)                          
And the dynamic viscosity μ of the blend will be: 
𝜇 = 𝜌 ∙  𝜈                                                            (3.4)                                                           
The calculation results are shown in Table 3.2 (the mixture density and surface tension 
are the same as provided in the experiment [15] in order to consider only the viscosity 




obtained for the droplet viscosity, which is about 44.5% higher than the original viscosity 
provided in the literature. Therefore, the numerical simulations based on various 
viscosities, i.e., µ* (0.1676 Pa·s), 1.5µ* (0.2514 Pa·s), 2µ* (0.3352 Pa·s) and 3µ* 
(0.5028 Pa·s), are further conducted. 


























Water 0.15 996 149.4 0.001 1.0E-6 1.004 3.31 0.122 
Glycerin 0.85 1260 1071 0.95 7.54E-4 753.97 38.46 0.878 
Solution 1 1220.4 1220.4 0.1676 1.37E-4 137.33 34.16 1 
3.4.3.2. Numerical Results based on Different Viscosities 
Figure 3.14 and Figure 3.15 show the comparisons of numerical results based on the 
various viscosities at simulation time t = 1 ms, 4 ms, 7 ms and 10 ms, from side-view and 
3D-view respectively. From the qualitative results, it can be seen that with the increase of 
the glycerin solution viscosity, the trailing edge of the droplet starts to detach from the 
surface in the early stage after the impact (the second droplet profile (t = 4 ms) in Figure 
3.14(a)-(d)). With time, the trailing edge of the droplet still remains fixed on the surface 
under the cases of µ*, 1.5µ*, and 2µ* at t = 7 ms and 10 ms, as shown in Figure 3.14 and 
3.15(a)-(c). However, when the viscosity is further increased to 3µ*, the droplet 
“rebound” phenomenon is observed at t = 7 ms and 10 ms and the trailing edge is no 
longer attached on the surface, which is more similar to the “partial rebound” result in the 






Figure 3.14: Comparison of numerical results with different viscosities (side-view): a) µ*; b) 
1.5µ*; c) 2µ*; d) 3µ*.  
 
Figure 3.15: Comparison of numerical results with different viscosities (3D-view): a) µ*; b) 




Additionally, the evolvement of the droplet spreading factor (x/D) and dimensionless 
spreading length (l/D) versus t* under µ* to 3µ* are also investigated and the results are 
shown in Figure 3.16.  
It is noted that on one hand, the higher droplet viscosity will lead to lower value of 
xleading/D, as shown in Figure 3.16(a), indicating the droplet leading edge slides shorter 
distance away from the impact point; on the other hand, higher viscosity will also result 
in lower value of xtrailing/D, indicating longer distance between droplet trailing edge and 
the impact point. Also, from Figure 3.16(b), it is reflected that the higher viscosity can 
significantly shorten the droplet spreading length. Meanwhile, it is observed that the 
dimensionless spreading length l/D is continuously increased with t* in the sliding 
process under the cases of µ*, 1.5µ* and 2µ*. However, for the viscosity of 3µ*, the 
variation of l/D firstly increases with t* and then at about t* = 3, l/D will reach a 
maximum value (1.41); after this point, the dimensionless spreading length starts to 
decrease, which is corresponding to the rebound phenomenon in Figure 3.14(d) and 
Figure 3.15(d). Therefore, it can be concluded that the viscosity has notable effects on the 
droplet behaviors. The higher viscosity will lead to higher adhesive force between the 
droplet and surface, making the droplet possess a strong tendency to adhere to the 
boundary wall. Also, the increase of viscosity will cause a transition for the droplet 






Figure 3.16: Comparison of a) spreading factors and b) dimensionless spreading length (l/D) 
for glycerin droplet with different viscosities impact on smooth glass. 
3.5. Conclusions 
In this study, using the VOF method, a series of simulations for droplet impact on 
inclined surfaces were conducted based on the DCA model. The effects of the droplet 
impact velocity (associated to impact Weber number), impact angle α and the droplet 
viscosity were considered to investigate different droplet behaviors and evolving 
phenomena in the spreading process. The numerical results from all the cases were 
validated against the corresponding experiments from Sikalo [15] and excellent 
agreement was achieved for the droplet deformation at multiple instants, which further 
indicated the capability of our AR-DCA model [21] to simulate droplet behaviors and 
regimes under various conditions. The quantitative results of the selected cases were also 
compared by analyzing the spreading factor (x/D) and dimensionless spreading length 





(1) The effects of impact velocity on droplet behaviors were studied by comparing 
the cases of water droplet impact on 10° smooth glass (hydrophilic surface) and 
wax (hydrophobic surface) under impact Weber number 50, 161 and 391. For the 
water-smooth glass cases, the droplet leading edge fast slid away from the impact 
point while the trailing edge remained fixed, which is a typical phenomenon 
occurring on highly wettable surface. Under this condition, the impact velocity 
has no significant influence on the spreading factors at the leading and trailing 
edge. The evolution of xleading/D and xtrailing/D versus t* were very similar among 
different impact We, leading to no obvious distinction for the l/D versus t*. For 
the water-wax cases (less wettable surface), the trailing edge also slid down with 
the droplet. It was found that the higher impact velocity leads to a decrease of the 
sliding distance of the trailing edge and the leading edge is not affected, which 
results in an increase of the spreading length (distance between leading and 
trailing edges). 
(2) The effects of impact angle on droplet behaviors were investigated by comparing 
the cases of water droplet impact on smooth glass (impact angle 9.5°, 10°, 20°) 
and wax (impact angle 5°, 10°, 20°) under impact Weber number 50. The results 
indicated that, for both hydrophilic and hydrophobic cases, the higher impact 
angle will lead to an increase of xtrailing/D, whereas the evolution of xleading/D 
shows much less dependence on the impact velocity. Also, both the qualitative 





(3) For the case of glycerin droplet impact on smooth glass, using the original 
droplet properties provided in the literature, the current DCA model can well 
predict the deposition process in the experiment while the partial rebound of the 
droplet was not reflected. However, with the increase of the droplet viscosity in 
the simulation, some interesting phenomena can be observed: on one hand, 
higher droplet viscosity causes the droplet to rebound from the surface more 
easily; on the other hand, higher viscosity leads to the reduction of xleading/D and 
xtrailing/D, indicating the shortening of the droplet sliding distance on the surface. 
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IMPROVEMENT AND FURTHER INVESTIGATION ON HOFFMAN-FUNCTION-
BASED DYNAMIC CONTACT ANGLE MODEL  
4.1. Introduction 
Contact angle is referred to the angle formed at the gas-liquid-solid interactions (Figure 
4.1), which is between the tangent planes of gas-liquid interface and the solid [1]. The 
value of the contact angle not only determines the shape of the gas-liquid interface, but 
also represents the fluid wettability. When the contact angle equals 0°, the solid surface 
can be perfectly wetted. When the contact angle equals 180°, then the solid surface is dry, 
i.e., perfectly non-wetted. When the contact angle is between 0° and 90°, the surface is 
hydrophilic, i.e., liquid tends to adhere to the surface (wetting liquid). When the contact 
angle is greater than 90°, the surface is hydrophobic, i.e., liquid tends to be repelled by 
the surface (non-wetting liquid). 
 
Figure 4.1: Contact angle at the interaction of gas, liquid and solid phases. 
With respect to many practical problems involving two-phase flow (e.g., droplet 
spreading process on surfaces, gas-liquid behaviors and phenomena in microfluidic 
systems, etc.), the contact angle plays a critical role in the gas-liquid dynamics and the 
moving of contact line can make the contact angle deviate from its equilibrium value [2, 




the dynamic contact angle (DCA) as a boundary condition rather than the static contact 
angle (SCA). 
Over the last decades, many dynamic contact angle models have been proposed and most 
of them considered the dynamic contact angle as a function of the contact line velocity 
[4-11]. More information of the available DCA models can be found in a recent 
comprehensive review by Malgarinos [12]. Recently, the Hoffman function, also known 
as Kistler’s Law [6], has been used by many researchers to conduct DCA simulations 
[13-19] and it is one of the promising correlations to predict the DCA values. The basic 
form of Hoffman function is as follows: 





]}                   (4.1) 
𝜃𝑑 = 𝑓Hoff[𝐶𝑎 + 𝑓Hoff
−1 (𝜃𝑠)]                                                  (4.2) 
where Ca is the capillary number and 𝑓Hoff
−1 (𝜃𝑠) is the shift factor which is dependent only 
on the static contact angle. In the previous works of Miller [15] and Wu [16], the droplet 
behaviors on horizontal surface and in a gas channel were simulated using the volume of 
fluid (VOF) method. The Hoffman function was implemented by using a user defined 
function (UDF). However, these two works only considered the advancing dynamic 
contact angles by using the absolute value of contact line velocity in the DCA calculation 
(Equation (4.2)). In order to obtain the fundamental understanding of Hoffman function 
and build up a proper manner to implement this formula, Jiang et al. [20] created a DCA 
evolution map to better illustrate the DCA evolving mechanism in the simulation process. 




both advancing and receding dynamic contact angles. A series of numerical simulations 
for droplet impact on horizontal and inclined surfaces were conducted using the AR-DCA 
model and VOF method and the results had excellent agreement with the corresponding 
experiments from Sikalo et al. [21, 22], showing its superior capability in the simulation 
of droplet deformation and evolvement process.  
However, it is found that there is an obvious limitation existed in the previous works [15, 
16, 20] with respect to the evaluation of contact line velocity: all these works employed 
the VOF method to track the gas-liquid interface and the contact line velocity is obtained 
by projecting the flow velocity Vf to the direction of the VOF normal ?⃑? , as shown in 
Figure 4.2. This velocity is essentially the interface velocity Vi whereas the real contact 
line velocity Vcl should be parallel to the solid wall. Therefore, the evaluation strategy for 
the contact line velocity in the DCA model with VOF method needs to be further 
modified. 
In this study, we further modify the evaluation method of contact line velocity in the 
current AR-DCA model. The numerical simulations of droplet impact on inclined surface 
and liquid water behavior in a microchannel will be conducted to investigate the effects 
of this modified methodology on the simulation results.       
 




4.2. Numerical Methodology 
4.2.1. Governing Equations and Dynamic Contact Angle 
In this study, the VOF method is employed to track the gas-liquid flow interface. Air is 
modeled as the gaseous phase and liquid water is modeled as the liquid phase, and these 
two phases are assumed to be immiscible. The numerical simulations are conducted using 
the commercial software package ANSYS Fluent. The governing equations for VOF 
method are the same as those employed in our previous work [20]. The dynamic contact 
angle θd is calculated by the Hoffman function (Equation (4.1) and (4.2)) and the detailed 
description can be referred to Ref. [20]. 
4.2.2. Modification of the Evaluation Method of Contact Line Velocity 
From Equation (4.2), it is known that the capillary number and the contact line velocity 
Vcl is required for the DCA calculation. For the AR-DCA model [20] and the previous 
models used in Ref. [15, 16], the contact line velocity evaluation process can be 
described as follows: 
1) In the simulation process, the flow field velocity Vf in the vicinity of the 
boundary wall is obtained. 
2) The interface velocity Vi is calculated by projecting the flow field velocity Vf  to 
the direction of VOF unit normal vector ?⃑? , i.e., 𝑉𝑖 = 𝑉𝑓 ∙ ?⃑? , as shown in Figure 
4.2. 
3) Then the interface velocity Vi is used as the contact line velocity in the DCA 
evaluation using Hoffman function. 
In Hoffman’s original experiments [23], the liquid moves in a glass tube with relatively 




motion of advancing liquid-air interface was very stable, which makes the interface 
velocity can be approximately treated as the contact line velocity (i.e., the interface 
velocity is in the same direction of the liquid movement and parallel to the gas tube wall). 
However, for some other circumstances involving surrounding gas flow such as the liquid 
water transport in gas channels, the movement of gas-liquid interface is not a stable 
process and the direction is not always parallel to the solid wall. When it comes to the 
numerical modeling and simulation, the direction of the gas-liquid interface is reflected 
by the VOF normal and it is not reliable to consider the interface velocity as the contact 
line velocity even in the vicinity area. 
Therefore, in this study, we proposed an approach to improve the current evaluation 
method of the contact line velocity as illustrated in Figure 4.3(b), where ?⃑? 𝑤 and 𝑡 𝑤 are 
the surface unit vectors normal and tangential to the wall respectively. In order to get the 
contact line velocity, the interface velocity should be projected to the direction of 𝑡 𝑤. If 
the angle between ?⃑? 𝑤  and ?⃑?  is β, then the contact line velocity will become 𝑉𝑐𝑙 = 𝑉𝑖 ∙
sin 𝛽. Therefore, with the surface unit normal vector ?⃑? 𝑤 and the VOF unit vector ?⃑? , the 
angle β can be determined as: 
𝛽 = 𝑎𝑟𝑐𝑐𝑜𝑠(?⃑? ∙ ?⃑? 𝑤)                                                      (4.3) 
With the flow field velocity Vf  extracted from the computational cells in the contact line 
area,  the contact line velocity can be expressed as: 




This modified evaluation method of contact line velocity will be implemented into the 
AR-DCA model and hereafter we name it as improved-AR-DCA (i-AR-DCA) model.  
4.3. Numerical Model Description 
4.3.1. Computational Domain and Boundary Conditions 
The numerical simulation in the present study is conducted based on two different cases 
to investigate the effects of the modified strategy of the contact line velocity evaluation. 
The first case is for the droplet impact on inclined surface and a cylinder computational 
domain is used as shown in Figure 4.4(a), which is the same as employed in our previous 
study [20]. The Case 3 and 4 in Ref. [20] (i.e., water droplet impact on 10° smooth glass 
and wax) are selected for the simulation in this study. More detailed information can be 
found in Ref. [20] including the dimension of the computational domain, liquid property, 
surface wettability, droplet impact velocity, etc. Another case is for the liquid water 
behaviors in a microchannel and the schematic of the computational domain is shown in 
Figure 4.4(b). The channel has the dimension of 0.05 mm in depth, 0.5 mm in height and 
5 mm in length, which is similar to the experimental set up from Hidrovo et al. [24]. The 
liquid water inlet is a 0.02 mm rectangular slot located on the bottom wall and 1.65 mm 
 





away from the air inlet boundary. In the numerical simulation, the no-slip boundary 
condition is applied at channel walls. The DCA is applied on both side walls and bottom 
wall and the initial contact angle (i.e., SCA) is 108° which is the same as the hydrophobic 
channel used in the experiments [24]. In the numerical simulation, the time step is set as 
1×10
-6
 s for the cases of droplet impact on inclined surface and 1×10
-7




Figure 4.4: Schematic of computational domains used in the present study: (a) droplet impact on 
inclined surface; (b) liquid water behaviors in a single straight microchannel.  
4.3.2. Grid Independency  
The grid independency check for the case of droplet impact on inclined surface has been 
conducted and reported in the Section 2.4.3 of Chapter 2 in this thesis. In this chapter, the 
grid independency for the microchannel case is further conducted by comparing four sets 
of mesh with different number of nodes in the channel cross-section and along the 
channel length. The detailed information for each of these meshes is listed in Table 4.1. 
The liquid water behaviors in microchannel are simulated and compared based on these 
four meshes with the air inlet velocity Vair = 7.9 m/s and water inlet flow rate Qwater = 10 
µL/min using the original AR-DCA model. Reynolds number Re and Capillary number 




Ca = 0.0023. The numerical results are shown in Table 4.2 for the liquid water 
evolvement in microchannel in terms of dimensionless time ta (ta = t·Vair/Lc, where t is the 
simulation time from liquid water emergence and Lc is the length of the microchannel). It 
can be observed that with the increase of the computational nodes (from Resolution A to 
D), the water slug height is also slightly increased. Also, under the relatively coarse 
meshes (Resolution A and B), the liquid water detachment occurs earlier than that of the 
refined meshes (Resolution C and D). Figure 4.6 shows the comparison of the ratio of 
slug length to height (l/h) versus ta under different grid resolutions (a schematic view of 
the liquid water slug in microchannel is shown in Figure 4.5). It is further indicated that 
increase of the nodes leads to the decrease of l/h and there is no significant difference 
between the Resolution C and D. Considering both the computational cost and numerical 
accuracy, the grid type C is adopted for the simulation.  
Table 4.1: Information of Different Grid Resolutions for Microchannel Domain 
Grid resolution 
type 
Number of nodes in the 
channel cross-section 
Number of nodes along 
channel length 
Total number of nodes 
A 42×5 420 87,780 
B 51×6 505 153,918 
C 63×7 629 276,507 
D 84×9 837 631,260 
 
 






Table 4.2: Comparison of Numerical Results under Different Grid Resolutions (Re = 49.2, Ca = 0.0023) 
ta Resolution A Resolution B Resolution C Resolution D 
15.8 
    
23.7 
    
31.6 
    
39.5 
    
47.4 
    
 
 
Figure 4.6: Comparison of the ratio of water slug length to height (l/h) under different grid 
resolution. 
 
4.4. Results and Discussion 
4.4.1. Droplet Impact on Inclined Surface 
Figure 4.7 and 4.8 show the comparison of the numerical results for the droplet impact on 
smooth glass and wax respectively based on AR-DCA and i-AR-DCA models. It can be 




exhibit no significant difference between the AR-DCA and i-AR-DCA models, for both 
the water-smooth glass and water-wax systems. This is because for the cases of droplet 
impact on surface, there is no surrounding gas flow and the droplet spreading and sliding 
process is dominated by the inertial force (induced by the gravitational force when the 
droplet falls down), leading to a stable process for the interface motion. Also, by 
comparing the spreading factor x/D at the leading and trailing side (xleading/D and 
xtrailing/D) versus the dimensionless time t* (t* = t·Vp/D [20, 21], where t is the time from 
impact) as shown in Figure 4.9,  it is noted that for the both cases, the evolvement of the 
spreading factor at leading and trailing edges are almost identical between the AR-DCA 
and i-AR-DCA models and share the same evolution trend, which further indicates that 
the droplet spreading and deformation process has less dependence on the modification of 
the contact line velocity evaluation. 
 
 
Figure 4.7: Comparison of numerical results for water droplet impact on wax (Case 3 in Ref. 







Figure 4.8: Comparison of numerical results for water droplet impact on wax (Case 4 in Ref. 




Figure 4.9: Comparison of the spreading factor x/D from AR-DCA and i-AR-DCA models: (a) 
water droplet impact on smooth glass (Case 3 in Ref. [20]); (b) water droplet impact on wax 
(Case 4 in Ref. [20]). 
However, the effects from the i-AR-DCA model can also be reflected in the following 
aspects. From the phenomenological observation in Figure 4.7, it is noted that due to the 
high wettability of the surface (SCA = 8°), the trailing edge of the droplet remains fixed 
on the surface when the droplet slides down, forming the liquid film at the droplet tail. 




the i-AR-DCA model tends to recoil more from the surface and makes the film broken 
compared to the results from the AR-DCA model. This is because on the trailing side, 
most interface velocity Vi is negative. By projecting the interface velocity to the contact 
line direction, the contact line velocity will have a smaller negative value than the 
interface velocity (𝑉𝑐𝑙 = 𝑉𝑖 ∙ sin 𝛽 and |𝑉𝑐𝑙| < |𝑉𝑖|), which makes the receding dynamic 
contact angles in the i-AR-DCA model larger than those from the AR-DCA models. 
Therefore, the liquid film at the trailing side from the i-AR-DCA model is easier to repel 
from the surface. Also, by comparing the contact angle values at the leading and trailing 
edges (as shown in Figure 4.10), it is found that for both water droplet impact on smooth 
glass and wax, the contact angles at the leading edge (mainly advancing dynamic contact 
angles) from i-AR-DCA model are lower than those of the original AR-DCA model 
under same t*; whereas for the trailing edges, approximately all the contact angles from i-
AR-DCA model are higher than those of the AR-DCA model under same t* (mainly 
receding dynamic contact angles), which further illustrates the distinctions between the 
AR-DCA and i-AR-DCA model. 
  
(a) (b) 
Figure 4.10: Comparison of contact angles at the leading and trailing edges from AR-DCA and i-
AR-DCA models: (a) water droplet impact on smooth glass (Case 3 in Ref. [20]); (b) water 




4.4.2. Liquid Water Behaviors in a Single Straight Microchannel 
Figure 4.11 shows the comparison of the liquid water evolvement process in a 
microchannel at selected dimensionless time ta from the AR-DCA and i-AR-DCA 
models. The air inlet velocity (Vair) is 10.7 m/s (Re = 66.6), which is equivalent to the 
mass flow rate of 3.28×10
-7
 kg/s. The water inlet volume flow rate (Qwater) is 10 µL/min 
(Ca = 0.0023), which is equivalent to the velocity of 0.167 m/s and mass flow rate of 
1.66×10
-7
 kg/s. From the qualitative comparison, it is noted that the general water slug 
evolvement and deformation from these two models are very the similar: at first, the 
liquid water enters into the channel and form the water slug with time; meanwhile, the 
slug height and length continuously grow under the constant water volume flow rate; 
with time, the slug partially blocks the microchannel and induces the detachment because 
the wall adhesion force is not able to balance the drag force by the air flow [25]. Also, the 
ratio of slug length to height (l/h) is presented to evaluate the slug deformation in the 
process, as shown in Figure 4.12, and the results show that the evolution of l/h has a good 
agreement between these two models before detachment. However, it is noticed that the 
slug detachment from the i-AR-DCA model occurs at about ta = 33.2, which is earlier 
than that of the AR-DCA model (ta = 45.7). This is because, for the i-AR-DCA model, 
the receding dynamic contact angles (mainly located at the liquid inlet area before 
detachment) are larger than those from the AR-DCA model as discussed above. The 
previous works from Zhu et al. [26] and Andersson et al. [27] indicated that higher 
contact angle will lead to earlier droplet detachment mainly due to the decreased area of 
liquid–solid interface. Unlike the previous cases such as liquid moving in a glass tube 




water in microchannel is not a stable process with surrounding air flow exerted on the 
gas-liquid interface. Therefore, it is very critical to implement the real contact line 
velocity in the numerical model and the results indicate that the i-AR-DCA model can 
lead to early liquid water detachment compared to the previous AR-DCA model.  
 
 
Figure 4.11: Comparison of liquid water evolvement process based on AR-DCA and i-AR-DCA 
models (Re = 66.6, Ca = 0.0023). 
 
 
Figure 4.12: Comparison of the ratio of water slug length to height (l/h) before detachment under 
AR-DCA and i-AR-DCA models. 
 
4.5. Conclusions 
This study introduces a modification strategy for the contact line velocity evaluation 
method in the original AR-DCA model and an i-AR-DCA model is proposed, in order to 




surface and liquid water behaviors in a microchannel are conducted using VOF method 
with the AR-DCA and i-AR-DCA models to investigate the effects of the modification 
strategy. It is indicated that the modified methodology can lead to the increase of 
receding dynamic contact angle and decrease of advancing dynamic contact angle, which 
makes the liquid film repel from the surface more easily and form small droplets at the 
trailing edge for the case of the water droplet impact on smooth glass; also, it is noticed 
there is no significant difference for the droplet general spreading and deformation 
process between the AR-DCA and i-AR-DCA models. For the case of liquid water 
evolvement in the microchannel, the i-AR-DCA model can facilitate the liquid water 
detachment, indicating the importance for the implementation of real contact line velocity 
evaluation in the DCA models under complex surrounding gas flow.  
In the future, the validation experiments should be conducted for the i-AR-DCA model in 
order to further apply it to the simulation of gas-liquid phenomena in PEMFCs. 
 
References 
[1] Blake TD. Dynamic contact angles and wetting kinetics. Wettability. 1993;251. 
[2] Šikalo Š, Tropea C, Ganić EN. Dynamic wetting angle of a spreading droplet. 
Experimental Thermal and Fluid Science. 2005 Aug 1;29(7):795-802. 
[3] Blake TD. The physics of moving wetting lines. Journal of Colloid and Interface 
Science. 2006 Jul 1;299(1):1-3. 
[4] Tanner LH. The spreading of silicone oil drops on horizontal surfaces. Journal of 
Physics D: Applied Physics. 1979 Sep 14;12(9):1473.  
[5] Cox RG. The dynamics of the spreading of liquids on a solid surface. Part 1. Viscous 




[6] Kistler SF. Hydrodynamics of wetting. Wettability. 1993;6:311-430. 
[7] Jiang TS, Soo-Gun OH, Slattery JC. Correlation for dynamic contact angle. Journal 
of Colloid and Interface Science. 1979 Mar 15;69(1):74-7. 
[8] Bracke M, De Voeght F, Joos P. The kinetics of wetting: the dynamic contact angle. 
Trends in Colloid and Interface Science III 1989 (pp. 142-149).  
[9] Seebergh JE, Berg JC. Dynamic wetting in the low capillary number regime. 
Chemical Engineering Science. 1992 Dec 1;47(17-18):4455-64. 
[10] Yu D, Choi C, Kim MH. Pressure drop and dynamic contact angle of triple-line 
motion in a hydrophobic microchannel. Experimental Thermal and Fluid Science. 
2012 May 31;39:60-70. 
[11] Yokoi K, Vadillo D, Hinch J, Hutchings I. Numerical studies of the influence of the 
dynamic contact angle on a droplet impacting on a dry surface. Physics of Fluids. 
2009 Jul;21(7):072102. 
[12] Malgarinos I, Nikolopoulos N, Marengo M, Antonini C, Gavaises M. VOF 
simulations of the contact angle dynamics during the drop spreading: standard 
models and a new wetting force model. Advances in Colloid and Interface Science. 
2014 Oct 31;212:1-20. 
[13] Šikalo Š, Wilhelm HD, Roisman IV, Jakirlić S, Tropea C. Dynamic contact angle of 
spreading droplets: Experiments and simulations. Physics of Fluids. 2005 
Jun;17(6):062103. 
[14] Mukherjee S, Abraham J. Investigations of drop impact on dry walls with a lattice-
Boltzmann model. Journal of Colloid and Interface Science. 2007 Aug 
15;312(2):341-54. 
[15] Miller C. Liquid water dynamics in a model polymer electrolyte fuel cell flow 
channel, MASc Thesis, University of Victoria, 2009. 
[16] Wu TC. Two-Phase Flow in Microchannels with Application to PEM Fuel Cells, 




[17] Roisman IV, Opfer L, Tropea C, Raessi M, Mostaghimi J, Chandra S. Drop impact 
onto a dry surface: Role of the dynamic contact angle. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects. 2008 Jun 5;322(1):183-91. 
[18] Jiang M, Zhou B, Droplet Behaviors on Inclined Surfaces with Dynamic Contact 
Angle. Submitted to International Journal of Multiphase Flow. 2018. 
[19] Wang X, Zhou B, Jiang M. Dynamic Contact Angle Effects on Gas-liquid Transport 
Phenomena in Proton Exchange Membrane Fuel Cell cathode with Parallel Design. 
International Journal of Energy Research. 2018. 
[20] Jiang M, Zhou B, Wang X. Comparisons and validations of contact angle models. 
International Journal of Hydrogen Energy. 2018 Mar 22;43(12):6364-78. 
[21] Šikalo Š, Tropea C, Ganić EN. Impact of droplets onto inclined surfaces. Journal of 
Colloid and Interface Science. 2005 Jun 15;286(2):661-9. 
[22] Šikalo Š, Ganić EN. Phenomena of droplet–surface interactions. Experimental 
Thermal and Fluid Science. 2006 Nov 30;31(2):97-110. 
[23] Hoffman RL. A study of the advancing interface. I. Interface shape in liquid—gas 
systems. Journal of Colloid and Interface Science. 1975 Feb 1;50(2):228-41. 
[24] Hidrovo CH, Wang FM, Lee ES, Vigneron S, Steinbrenner JE, Paidipati JV, Kramer 
TA, Eaton JK, Goodson KE. Experimental investigation and visualization of two-
phase flow and water transport in microchannels. In ASME 2004 International 
Mechanical Engineering Congress and Exposition 2004 Jan 1 (pp. 205-212). 
American Society of Mechanical Engineers. 
[25] Cho SC, Wang Y, Chen KS. Droplet dynamics in a polymer electrolyte fuel cell gas 
flow channel: Forces, deformation, and detachment. I: Theoretical and numerical 
analyses. Journal of Power Sources. 2012 May 15;206:119-28. 
[26] Zhu X, Sui PC, Djilali N. Three-dimensional numerical simulations of water droplet 





[27] Andersson M, Mularczyk A, Lamibrac A, Beale SB, Eller J, Lehnert W, Büchi FN. 
Modeling and synchrotron imaging of droplet detachment in gas channels of polymer 






NUMERICAL STUDY OF FLOW REGIMES IN MICROCHANNEL WITH 
DYNAMIC CONTACT ANGLE  
5.1. Introduction 
In recent decades, proton exchange membrane fuel cell (PEMFC) has received extensive 
attention due to its remarkable features such as high power density, quick start-up, low 
operating temperature and quietness. However, liquid water management is still a very 
critical issue in the PEMFC development. On one hand, too much liquid water will cause 
the water flooding and hinder the oxygen transport, resulting in the poor performance of 
PEMFC; on the other hand, too little liquid water will cause the membrane dehydration 
and lead to the degradation of PEMFC performance [1]. Therefore, a proper balance 
should be maintained between membrane humidification and liquid water flooding in 
order to achieve the optimization of fuel cell performance.     
Numerical modeling and simulation based on computational fluid dynamics (CFD) are 
promising approaches to obtain the actual liquid water behaviors in PEMFCs, especially 
in gas flow channels [2], which help conquer the difficulties in performing experiments. 
Among the available numerical models, the volume of fluid (VOF) method has the 
advantage of tracking and locating the gas-liquid interface, making it the most popular 
approach in the simulation of two-phase flow in PEMFCs. Since the first study by Quan 
et al. [3], numerous works have been reported for water management simulations in 
PEMFCs and a recent comprehensive review for these works was conducted by Ferreira 
et al. [2]. However, among the available literature, it is found that the static contact angle 




consider dynamic contact angle (DCA) for two-phase flow simulation in PEMFC with 
complex flow field. Recently, for the first time, Wang et al. employed both DCA and 
SCA models to study the liquid water behavior and transport inside a PEMFC cathode 
with parallel flow design [4] and a stirred tank reactor (STR) design [5]. It was indicated 
that the liquid water distribution and transport process from the DCA model are 
significantly different compared to those from the SCA model, showing the remarkable 
DCA effects on the simulation results. However, the comparison to the experimental 
results is still needed to further validate the DCA model in PEMFC-related simulations.      
Recently, it has been noted that dynamic contact angle plays a critical role in the 
prediction of gas-liquid behaviors and the results from the DCA model are more 
reasonable compared to the SCA model [6, 7]. However, most DCA-related works focus 
on the two-phase flow with simple geometries such as droplet impact on horizontal or 
inclined surfaces [6-14]. A more reliable DCA model is still needed to be developed in 
order to well simulate gas-liquid behaviors and flow regimes in more complex flow field 
[4, 5, 15]. The gas-liquid two-phase flow problems in PEMFC gas channels can be 
classified as a typical “water-in-air” system in a microchannel, where the air is 
considered as the continuous phase and the liquid water is considered as the disperse 
phase in microchannel. Over the last decades, many researchers have made efforts to 
understand gas-liquid flow patterns and regimes in microchannels, using both 
experimental and numerical methods. Hidrovo et al. [16] conducted visualization studies 
on two-phase flow in a U-shaped microchannel with hydrophilic and hydrophobic 
conditions. It was found that the channel surface wettability and air/water inlet flow rate 




will flood the channel under low pressure drop while the thin film (or stratified flow) is 
observed under high pressure drop conditions; whereas for the hydrophobic channel, the 
liquid water “blobs” (namely the slug flow) are formed at low air flow rate and can 
induce the blockage to the air flow. Hidrovo et al. [17] also studied water slug formation 
and detachment with air flow in the hydrophobic microchannel. The experiments were 
conducted under varied air inlet velocity based on two samples with different widths of 
water injection side slot. It was indicated that for low Reynolds number (Re < 200), the 
pressure gradient drag force significantly affect the water slug detachment while the 
inertial drag is mainly responsible for the detachment. Carroll et al. [18] investigated 
water droplet detachment process in a T-junction microchannel with different aspect 
ratios. The experimental tests were conducted within a range of air Reynold number (10 
< Re < 200) to examine the effects of relevant forces (inertial, viscous and hydrodynamic 
pressure forces) on the droplet detachment. It was noted that, when the Reynolds number 
is increased, the droplet shape at detachment transforms from the elongated slug to the 
droplet with nearly uniform aspect ratio. The authors also found that the dominant 
detachment mechanism is turned from the hydrostatic pressure difference to the inertial 
drag when Re is increased to 100. Wu et al. [19] conducted flow visualization to 
investigate the water droplet dynamics in a single straight microchannel under different 
air and water flow rates. Three typical flow regimes were categorized from the 
experimental observation: 1) slug flow, when the air flow rate is low and the drag force 
has minor effect on the droplet deformation; 2) droplet flow, when the air flow velocity is 
increased and the evolution of droplet emergence, growth and detachment can be 




force plays a dominant role in the droplet formation. It was also indicated that the higher 
contact angle hysteresis can improve the stability of water droplet and increase its 
capability to withstand the drag force. Cho et al. [20] theoretically studied the water 
droplet dynamics in a single channel by analyzing the forces exerted on the droplet, the 
forces causing the droplet deformation and the forces on droplet detachment. The 
numerical tests were conducted based on different droplet sizes and locations (in the fully 
developed region or the entrance region) to examine the relation between drag forces 
(viscous and pressure) and air velocity. The results showed that the viscous plays a major 
role for small droplets whereas the pressure drag is dominant for large droplets. Also, 
more drag is exerted on small droplets in the entrance region and on larger droplets in the 
fully developed region. In the sequel paper [21], the authors extended this study by 
conducting both the experiment and VOF simulation on the droplet deformation and 
detachment. The numerical and experimental results were compared to the analytical 
solutions presented in Ref. [20] and a good agreement was achieved. Andersson et al. 
[22] performed both experiment and VOF simulation to study air-water two-phase 
behavior in the gas channel with GDL surface. It was noted that the two-phase flow in the 
microchannel is affected by a series of parameters including the liquid inlet area, the 
channel height, air flow velocity and the contact angle. The small liquid inlet size and 
increased gas velocity can lead to smaller droplets. Also, higher GDL contact angle 
results in earlier droplet detachment (i.e., smaller droplet size), which was also confirmed 
in the previous study by Zhu et al. [23]. A recent study by Mastiani et al. [24] presented 
different flow regimes under various air Reynolds numbers (Re) and liquid water 




flow (low Ca and Re), unstable dripping flow (low Ca and high Re), jetting flow (middle 
Ca and a wide range of Re) and unstable jetting flow (high Ca and Re). It was also found 
that the increase of contact angle can result in the decrease of droplet detachment time 
and the droplet size is affected by both the Ca and Re numbers.         
From the available literature, it is known that many studies have been reported for water 
flow behaviors in microchannels using experimental or numerical approaches. However, 
the simulation work considering the three-dimensional, dynamic contact angle model is 
very limited. Therefore, in this study, we aim to further apply the DCA model to simulate 
the gas-liquid behaviors and flow regimes in a single straight microchannel under various 
water and air inlet flow rates.   
5.2. Numerical Model Description 
5.2.1. Computational Domain and Boundary Conditions 
As shown in Figure 5.1, a three-dimensional single straight channel with rectangular 
cross section is built up as the computational domain. The dimensions of the channel are 
0.05 mm in depth, 0.5 mm in height and 5 mm in length. The geometry is similar to the 
experimental set up from Hidrovo et al. [16] by simplify the U-shaped channel to the 
straight channel. The liquid water enters into the channel through a 0.02 mm rectangular 
slot on the bottom wall, which is located at 1.65 mm away from the air inlet boundary. In 
the numerical simulation, the no-slip boundary condition is applied at channel walls. The 
DCA is considered on both side wall and bottom wall and the initial contact angle (i.e., 
SCA) is set as 108° which is the same as the hydrophobic channel used in the 
experiments [16]. Different air inlet velocities (Vair) and water inlet volume flow rate 




water inlet boundary condition in the simulation. Reynolds number Re and Capillary 
number Ca are used to evaluate the air and water inlet flow rate respectively. 
 
Figure 5.1: Schematic of computational domain for microchannel. 
5.2.2. Governing Equations and Dynamic Contact Angle 
In this study, the VOF method is employed to track the gas-liquid flow interface. Air is 
modeled as the gaseous phase and liquid water is modeled as the liquid phase, and these 
two phases are assumed to be immiscible. The governing equations for VOF method are 
the same as those employed in our previous work [13] and the detailed description can be 
found in Ref. [13]. 
The dynamic contact angle θd is calculated by the Hoffman function: 





]}                (5.1) 
and θd is described by the following formula: 
𝜃𝑑 = 𝑓Hoff[𝐶𝑎 + 𝑓Hoff
−1 (𝜃𝑠)]                                               (5.2) 
where the shift factor, 𝑓Hoff
−1  (𝜃𝑠), is obtained from the inverse of the Hoffman function 




proper manner to implement Hoffman function in the DCA model to consider both 
advancing and receding dynamic contact angles. Also, in the previous chapter in this 
thesis, we further modified the evaluation method of contact line velocity in the AR-DCA 
model [13] and proposed an i-AR-DCA model. In this study, the i-AR-DCA model is 
employed to simulate the liquid water behaviors and flow regimes in the microchannel. 
The time step is set as 1×10
-7
 s for the cases under relatively lower Re (29.9, 66.6) and 
5×10
-8
 s for the cases under higher Re (112.7). 
5.2.3. Grid Independency  
The computational domain has a total of 276507 nodes and the number of nodes along 
the X, Y and Z direction is 629, 63 and 7 respectively. The grid independency check has 
been conducted in the previous chapter and more details can be referred to the Section 
4.3.2 in this thesis. 
5.3. Results and Discussion 
Hidrovo et al. [16] performed experimental visualization on the liquid water behavior and 
transport in a hydrophobic microchannel. Table 5.1 shows the comparison of the liquid 
water flow pattern between the experimental and numerical results. The air inlet velocity 
Vair is set as 4.8 m/s, 10.7 m/s, 18.1 m/s (Re = 29.9, 66.6 and 112.7) and the water 
injection rate is 50 µL/min (Ca = 0.011) for both the experiment and simulation. It can be 
seen that in the experiment, the liquid water forms the slug flow under relatively low air 
inlet velocity (4.8 m/s and 10.7 m/s) and water blob with liquid film under higher air inlet 
velocity (18.1 m/s). However, the liquid water flow pattern captured in the simulation is 




water flow rates provided in the experiment, the liquid water tends to form the jetting 
flow regime that continuously attaches to the water inlet without detachment. The work 
of Hidrovo et al. [16] only provides one single image for each of the flow conditions 
without time instant and the liquid water evolvement process is not able to be tracked. 
Therefore, in this study, we will further conduct numerical simulations to investigate the 
flow regimes under various air and water flow rates. 
Table 5.1: Comparison of Liquid Water Behavior between the Numerical Simulation    
and Experimental Visualization [16] under Ca = 0.011  








5.3.1. Liquid Water Behaviors under Different Water Inlet Flow Rates  
In the first section, the liquid water behaviors and flow regimes in the microchannel 
under various water inlet flow rates are investigated and discussed. The water inlet 
volume flow rate Qwater is ranged from 5 µL/min to 50 µL/min (corresponding to Ca 
0.0011 to 0.011) under the fixed air inlet velocity of 10.7 m/s (Re = 66.6). Detailed 
information and parameters are listed in Table 5.2. For the cases under different water 
inlet flow rates and same air inlet velocity, a dimensionless time ta is used to present the 
liquid water evolvement process in the microchannel (ta = t·Vair/Lc, where t is the 




Table 5.2: Simulation Cases under Various Water Inlet Flow Rates with Fixed Air Re 66.6 
Case # 
Air inlet velocity 
Vair (m/s) 
Air inlet Re  
Water inlet 
volume flow rate  
Qwater (µL/min) 
Water inlet Ca 
1 10.7 66.6 5 0.0011 
2 10.7 66.6 10 0.0023 
3 10.7 66.6 15 0.0034 
4 10.7 66.6 20 0.0046 
5 10.7 66.6 25 0.0057 
6 10.7 66.6 30 0.0069 
7 10.7 66.6 50 0.011 
Figure 5.2, Figure 5.3 and Figure 5.4 show the liquid water behaviors and transport 
process in the microchannel under various water injection rates, with the air inlet velocity 
fixed at 10.7 m/s (Re = 66.6). The dark blue area represents the gas phase while the red 
area represents the liquid water. The liquid water evolvement process and flow regimes 
can be classified into the following categories: squeezing flow (Figure 5.2), partial-jetting 
flow (Figure 5.3) and jetting flow (Figure 5.4). 
A. Squeezing flow 
The squeezing flow is observed under lower water injection rate (5 µL/min and 10 
µL/min, corresponding to Ca = 0.0011 and 0.0023) as shown in Figure 5.2(a) and (b). At 
the very beginning, the liquid water emerges into the microchannel and forms the water 
blob [16]. Under the low water inlet flow rate, the water slug grows stably with no 
significant distortion and partially blocks the channel. At this stage, a pressure drop is 
induced across the blob and the air flow continuously acts on the water and squeezes its 




between the windward interface and liquid inlet) thinner. When the wall adhesion force is 
not able to balance the drag force from the air flow, the liquid water detaches from the 
liquid inlet and forms a single separated blob. This first detached blob moves towards the 
channel outlet and liquid water will be continuously squeezed out from the liquid inlet 





Figure 5.2: Liquid water evolvement (squeezing flow) at Vair = 10.7 m/s (Re = 66.6) under various 
water injection rates: (a) 5 µL/min (Ca = 0.0011); (b) 10 µL/min (Ca = 0.0023). 
B. Partial-jetting flow 
As shown in Figure 5.3, when the water inlet flow rate Qwater is increased to 15 µL/min 
(Ca = 0.0034), the water blob is able to remain at the inlet area for longer time and form a 
concave interface at the windward side. After the detachment of the first blob (around ta = 
49.22), some interesting phenomena can be observed for the liquid water deformation: for 
the first detached blob, the gas-liquid interface at the windward side significantly recedes 
under the continuous air flow and the blob height is also increased; at a critical point 
(about ta = 68.76), the upper part of the blob is squeezed and blown away (ta = 69.66) and 
reattaches to the bottom wall, mainly caused by the enhanced shear stress due to the 




also deformed from “tall-standing” to “long-lying” (ta = 72.27). This evolvement process 
of the detached blob is significantly different from the squeezing flow and can be 
considered as partial-jetting flow regime. Afterwards, under the combined effects of 
continuous air flow and surface tension, the windward side will retract and the slug 
deforms to the “tall-standing” shape again (ta = 85.6) and move towards the channel 
outlet.   
 
Figure 5.3: Liquid water evolvement (partial-jetting flow) at Vair = 10.7 m/s (Re = 66.6) and water 
injection rate 15 µL/min (Ca = 0.0034). 
C. Jetting flow  
The jetting flow is observed when the Qwater is further increased to 20 µL/min (Ca = 
0.0046) and higher, as shown in Figure 5.4(a-d). At the first stage, it can be seen that the 
liquid water forms a small liquid film at the trailing side of the blob. Unlike the case of 
Qwater = 15 µL/min (Ca = 0.0034), the head of the water blob is directly blown away by 
the air flow without detachment from the liquid inlet and the liquid water deforms 
significantly and converts into jetting flow. In some cases where Qwater = 20 µL/min, 30 
µL/min and 50 µL/min (Ca = 0.0046, 0.069 and 0.011), the stream of water re-
accumulates and form a slug head, and the head slug will be blown away again. Finally, 




noted that, the higher liquid water injection rate can facilitate blockage and induce faster 









Figure 5.4: Liquid water evolvement (squeezing flow) at Vair = 10.7 m/s (Re = 66.6) under various 
water injection rates: (a) 20 µL/min (Ca = 0.0046); (b) 25 µL/min (Ca = 0.0057); (c) 30 µL/min (Ca = 




5.3.2. Liquid Water Behaviors under Different Air Inlet Flow Rates  
In addition to the water inlet flow rate, the air inlet velocity could be another critical 
factor that leads to different flow patterns. Therefore, in the second section, the liquid 
water behaviors with different air inlet velocities (4.8 m/s, 10.7 m/s and 18.1 m/s, 
corresponding to the Re of 29.9, 66.6, and 112.7 respectively) are studied, under various 
water injection rates (5 µL/min, 10 µL/min, 25 µL/min, corresponding to the Ca number 
of 0.0011, 0.0023, 0.0057). A dimensionless time tw is used to present the liquid water 
evolvement process in the microchannel instead of ta in the previous section (tw = 
t·Vwater/Hc, where t is the simulation time from liquid water emergence and Hc is the 
height of the microchannel. 
Figure 5.5(a)-(c) show the comparison of the liquid water behaviors under different air 
inlet velocities when the water injection rate is set as 5 µL/min (Ca = 0.0011). It is 
noticed that, with the increase of the air inlet velocity, the liquid water detachment 
process will be significantly accelerated. As shown in Figure 5.5(a), due to the lower air 
inlet velocity (Re = 29.9) and water injection rate (Ca = 0.0011), the liquid water 
continuously accumulates and forms a water slug; whereas for the higher Vair (Re = 66.6), 
the liquid water detaches earlier and forms the squeezing flow in the microchannel as 
discussed in the previous section; when the Vair is further increased to 18.1 m/s (Re = 
112.7), the stronger air flow will further facilitate the liquid water detachment and a 
string of water blob is formed with smaller size compared to the case of Re = 66.6. Some 
interesting phenomena can also be observed in Figure 5.5(c): due to the high inertial air 











Figure 5.5: Liquid water evolvement under different air inlet velocities at Qwater = 5 µL/min (Ca = 
0.0011): (a) Vair = 4.8 m/s (Re = 29.9) (b) Vair = 10.7 m/s (Re = 66.6), (c) Vair = 18.1 m/s (Re = 112.7). 
Figure 5.6(a)-(c) show the flow behaviors from different Vair at the water injection rate of 
10 µL/min (Ca = 0.0023). Under the lower Vair (4.8 m/s), the slug flow is observed inside 
the microchannel. Meanwhile, the air flow will continuously press the air-water interface 
at the windward side, leading to the formation of a long film attached to the water slug, as 
shown in Figure 5.6(a). For the Vair = 10.7 m/s (Re = 66.6), the squeezing flow regime is 
dominated as discussed above. When the Re number is further increased to 112.7, the 
water blobs quickly detach from the water injection area and merge together as shown in 
Figure 5.6(c); then the merged blob will experience an unstable evolvement process 
including being blown away toward the downstream, reattaching to the bottom wall and 












Figure 5.6: Liquid water evolvement under different air inlet velocities at Qwater = 10 µL/min (Ca = 
0.0023): (a) Vair = 4.8 m/s (Re = 29.9) (b) Vair = 10.7 m/s (Re = 66.6), (c) Vair = 18.1 m/s (Re = 112.7). 
When the water injection rate is further increased to 25 µL/min (Ca = 0.0057), the typical 
jetting flow regime in the microchannel is observed in Figure 5.7. Comparing with the 
simulation results among different Vair under fixed water injection rate, it is noted that 
with the increase of the air inlet velocity, the transition process from water blob or slug to 
the jetting flow is accelerated, i.e., the liquid water can be blown away by the air flow 











 Figure 5.7: Liquid water evolvement under different air inlet velocities at Qwater = 25 µL/min (Ca = 
0.0057): (a) Vair = 4.8 m/s (Re = 29.9) (b) Vair = 10.7 m/s (Re = 66.6), (c) Vair = 18.1 m/s (Re = 112.7). 
 
5.4. Conclusions 
In this study, the liquid water behavior and flow regimes in a single straight microchannel 
are simulated using the VOF method and dynamic contact angle, considering various 
water injection rates Qwater (5 µL/min to 50 µL/min, with Ca ranged from 0.0011 to 
0.011) and air inlet velocities Vair (4.8 m/s, 10.7 m/s and 18.1 m/s, with Re of 29.9, 66.6 
and 112.7 respectively). The numerical results indicate that the water injection rate plays 
a dominant role in the formation of different flow regimes. The squeezing flow occurs at 
low Qwater (Ca = 0.0011 and 0.0023) where the liquid water continuously detach from the 




observed under high Qwater (Ca ≥ 0.0046) where the water blob head will be blown away 
by the air flow and forms a steam of water in the microchannel without detachment. An 
interesting partial-jetting flow is also captured (Ca = 0.0034 and Re = 66.6) where the 
first detached water blob has similar evolvement process as the jetting flow. In addition 
to the liquid water injection rate, the air inlet velocity Vair also has notable effects on the 
flow patterns in the microchannel. It is found that for the squeezing flow, the low Vair will 
significantly delay the liquid water detachment and form a water slug in the 
microchannel; whereas for the high Vair, the liquid water quickly detaches from the water 
inlet and form a string of water blobs. Also, due to the high inertial air flow, the detached 
water blobs can also merge together as observed at Vair  = 18.1 m/s (Re = 112.7). On the 
other hand, for the jetting flow, the increased air flow velocity will facilitate the transition 
process from water blob or slug to the water film. 
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CONCLUSIONS AND FUTURE WORKS 
6.1. Summary and Conclusions 
This thesis mainly focused on the numerical simulation of two phase flow using the VOF 
method with dynamic contact angle, including the droplet impact on horizontal and 
inclined surfaces and liquid water behaviors in microchannel. The main findings and 
conclusions are summarized as follows: 
(1) The AR-DCA model was proposed based on the fundamental understanding of 
Hoffman function, which considers both advancing and receding dynamic 
contact angles in the simulation process. This model overcomes the obvious 
limitation of the A-DCA model, which evaluates only the advancing dynamic 
contact angles in the simulation. Also, the AR-DCA model was successfully 
validated by comparing the simulations of droplet impact and spreading on 
horizontal and inclined surfaces to the corresponding experiments from literature, 
in both qualitative and quantitative methods. It was indicated that the AR-DCA 
model has superior capability in the prediction of droplet behaviors compared to 
A-DCA model and SCA model. 
(2) Following the work of comparisons and validations of different contact angle 
models (Chapter 2), the AR-DCA model was further applied to simulate the 
droplet behaviors on inclined surfaces under different impact velocities, impact 
angles and droplet viscosities. It was indicated that, on one hand, the droplet 




and trailing edges for hydrophilic cases, whereas under the hydrophobic 
condition, the higher impact velocity leads to less sliding distance of the trailing 
edge relative to the impact point; on the other hand, the larger impact angle can 
reduce the sliding distance between the trailing edge and the impact point for 
both hydrophilic and hydrophobic cases. The effects of droplet viscosity were 
studied based on the case of glycerin droplet impact on smooth glass and the 
results showed that higher droplet viscosity facilitates the droplet rebound 
phenomena but also leads to decrease of droplet sliding distance on the surface. 
Moreover, the droplet deformation and evolving phenomena from the simulation 
had excellent agreement with the corresponding experiments, which further 
demonstrated the capability of the AR-DCA model in the prediction of droplet 
behaviors on surfaces under various conditions. 
(3) In Chapter 4, the i-AR-DCA model was developed by improving the evaluation 
method of contact line velocity in the AR-DCA model. The droplet impact on 
inclined surface and liquid water behaviors in a microchannel were simulated 
using the AR-DCA and i-AR-DCA models to investigate the effects of the 
modified methodology. It was indicated that the improved methodology can lead 
to the increase of receding dynamic contact angle and decrease of advancing 
dynamic contact angle, which makes the liquid film repel from the surface more 
easily and form small droplets at the trailing edge for water droplet spreading on 
smooth glass; whereas for the microchannel case, the i-AR-DCA model can lead 
to early detachment of liquid water compared to the results from the original AR-




implement the real contact line velocity evaluation in the DCA models for the 
simulations.  
(4) The liquid water behaviors and flow regimes in a single straight microchannel 
were simulated and investigated under various air and water inlet flow rates. The 
results showed that the water injection rates significantly affect the formation of 
different flow regimes: the squeezing flow, partial-jetting flow and jetting flow 
occur with the increase of water inlet flow rate. Also, the air inlet velocity can 
lead to different liquid water evolvement and flow patterns. The lower air inlet 
velocity induced the delay of liquid water detachment for the squeezing flow and 
water slug was formed in the microchannel; whereas under higher air flow rate, 
the unique merging process of liquid blob was observed. Also, for the jetting 
flow, the higher inertial air flow can facilitate the transition from water blob to 
film flow. 
6.2. Recommendations and Future Works 
This thesis presented a systematic study on the two-phase flow simulation with dynamic 
contact angle. The AR-DCA model provides a very promising methodology to predict the 
droplet spreading phenomena and evolvement process on surfaces, and can be further 
applied in some future research related to gas-liquid two-phase flow problems.  
This study also proposed a methodology to further improve the AR-DCA model with 
respect to the evaluation method of contact line velocity and the i-AR-DCA model was 
developed. The liquid water behaviors and flow regimes in a microchannel under various 
air and water inlet flow rates were simulated. However, more reliable experiments should 




simulation of liquid water behaviors in more complex domains, such as the cathodes of 
PEMFCs with different flow field designs. 
The author also tried to apply the Eulerian multi-fluid VOF model to simulate liquid 
water behaviors in microchannel but only a few preliminary results were presented (see 
Appendix A). In the future, this numerical methodology needs to be further tested and 
developed to investigate its potential in the delay of droplet/slug detachment in 
microchannels. Specifically, a user-defined-function (UDF) code can be developed to 
adjust the interface exchange coefficient 𝐾𝑝𝑞 . Moreover, the implementation of DCA 







NUMERICAL SIMULATION OF LIQUID WATER BEHAVIORS IN 
MICROCHANNEL USING THE MULTI-FLUID VOLUME OF FLUID METHOD 
A.1. Introduction 
Liquid water management is still a very critical challenge in the commercialization of 
proton exchange membrane fuel cells (PEMFCs). Using the numerical modeling and 
simulation based on computational fluid dynamics (CFD), researchers can obtain basic 
understanding on the two-phase flow phenomena in PEMFCs. In early years, the mixture 
model and the multi-fluid model (also known as two-fluid model) were used to simulate 
two-phase flow in PEMFCs, such as the previous works [1-7]. However, these two 
methods are not able to well reflect the formation or flow patterns of liquid water such as 
droplet, slug or film flow. In addition, the location and transport process of liquid water 
in gas channel or porous media are not able to be predicted. Therefore, the numerical 
model that is capable of gas-liquid interface tracking is further considered in the 
simulation of two-phase flow in PEMFCs, such as the level set method [8-10], the Lattice 
Boltzmann method [11-13] and the volume of fluid (VOF) method.  
So far, among the available literature in regards to gas-liquid behavior simulations in 
PEMFCs, the VOF method is the most widely used approaches [14]. The first study in 
this research field was proposed by Quan et al. [15]. The authors numerically studied the 
air-water flow behaviors in a PEMFC serpentine channel and compared five different 
cases with increasing initial water content to predict potential fuel cell operating 




velocity from the PEMFC reaction in the simulation, which greatly reduced the 
computational time and also provided a promising approach to the numerical simulation 
of two-phase flow in PEMFCs. In 2008, Le et al. [17] developed the one of the most 
complete PEMFC models which includes detailed thermos-electrochemistry, fluid flow, 
multi species, energy transport, etc., as well as all the necessary PEMFC components. 
Following the work of Le et al. [18] for a simplified general model, Wang et al. [19] and 
Kang et al. [20] studied the liquid water transport process in PEMFC cathode with 
parallel and interdigitated design respectively. In addition to the conventional flow field 
designs, some novel flow channel designs were also introduced and the liquid water 
transport was simulated using the VOF method, such as the innovative channel inserted 
with a hydrophilic needle [21] and a hydrophilic plate [22], novel channels with air and 
water baffle inside [23], etc. Recently, researchers also employed the VOF method to 
simulate CO2 bubble behaviors in direct methanol fuel cell (DMFC, which is one type of 
PEMFC consuming methanol and oxygen and producing water and CO2) [24-26]. 
To the best of the author’s knowledge, most of the PEMFC-related simulations with VOF 
method use static contact angle (SCA) as the wall boundary condition, including all the 
aforementioned studies [15-26]. However, the dynamic contact line treatment is very 
critical in order to predict the real droplet dynamics and deformation [27, 28]. Therefore, 
the dynamic contact angle (DCA) model should be considered instead of the SCA model. 
In terms of DCA simulation, the Hoffman function [29] has been used as a promising 
correlation in the simulation of droplet behavior on surfaces [30-32]. Jiang et al. [33] 
proposed an AR-DCA model to simulate the droplet spreading phenomena and behaviors 




receding dynamic contact angles are considered in the simulation process and calculated 
by Hoffman function. The numerical results have excellent agreement with the 
corresponding experiments from Sikalo et al. [34, 35], showing the capability of the AR-
DCA model in the prediction of droplet behaviors. However, the Hoffman function 
coupled with VOF method has an obvious limitation when it is applied to simulate 
droplet behaviors in gas channels: in the previous work by Wang [36], the numerical 
result of the droplet deformation and evolvement in a microchannel is not able to well 
match the experiment [37], unless the gas inlet velocity is decreased to the 1/3 of the 
original value; in the work of Wu [28], although the droplet shape in one emergence 
cycle showed good consistency with the experiment, the detachment time in the 
simulation (25.4ms for SCA model and 22.8 ms for DCA model) are much earlier than 
that of the experiment (75 ms). As facts, the liquid water transport and droplet dynamics 
are determined by many factors such as drag force, wall adhesion, gas/liquid inlet mass 
flow rate, etc. Considering the droplet motion in the simulation is always faster than that 
in the experiment, the drag force can be over-predicted in the current numerical model. 
Therefore, one potential solution is to modify the drag force exerted on the droplet to 
investigate the potential of slowing down the droplet motion and transport in 
microchannels.  
For the current VOF model, only a single momentum equation is solved in the simulation 
process and resulting velocity field is shared among the phases [18], where the 
modification of the gas-liquid interface drag force is not able to be implemented. In 
ANSYS Fluent, the multi-fluid VOF model couples the VOF model and the Eulerian 




modeling. However, so far, very limited amount of research has been reported for the 
multi-fluid VOF model application. Chen et al. [38] employed the multi-fluid VOF model 
to simulate the flooding phenomenon in an inclined pipe. Zahedi et al. [39] used both 
VOF method and multi-fluid VOF approach to simulate the annular flow behavior and 
validate the capability of CFD multiphase simulation in the erosion prediction. To date, 
no one has tried the multi-fluid VOF model in the simulation of droplet/slug flow in gas 
channels or microchannels.  
In this study, we apply the multi-fluid VOF method to investigate its potential in the 
simulation of gas-liquid two-phase flow in microchannel. Some preliminary results will 
be presented and discussed, and compared to those based on the VOF method.  
A.2. Numerical Model Description  
A.2.1. Computational Domain and Boundary Conditions 
For the numerical simulation, a single straight microchannel is used as the computational 
domain as shown in Figure A.1, which is the same as the one employed in Wang’s work 
[36]. The length of the channel is 5 mm and the cross-section is 500 µm × 45 µm. The air 
inlet velocity is set as 15.56 m/s and the water inlet velocity is set as 0.09 m/s. In the 
current progress, SCA model is employed and the contact angle on the bottom wall and 





Figure A.1: Schematic of computational domain for microchannel. 
A.2.2. Numerical Methodology 
In ANSYS Fluent, the multi-fluid VOF model couples the Eulerian model with the VOF 
model for the surface tracking. The general conservation equations are based on the 
Eulerian multiphase model, where the momentum and continuity equations are solved for 
each phase (normally named phase p and phase q. In this study, the air is considered as 
the primary phase q while the liquid water is the secondary phase p) [40]. The main 
governing equations and interface force correlations are briefly introduced in this section. 
More detailed descriptions can be found in ANSYS Fluent Theory Guide [40].  
For phase q, the continuity equation has the following form: 
𝜕
𝜕𝑡
(𝛼𝑞𝜌𝑞) + ∇ ∙ (𝛼𝑞𝜌𝑞𝑣 𝑞) = 0                                         (A.1) 
where 𝛼𝑞 and 𝜌𝑞 are the volume fraction and density of phase q respectively;  𝑣 𝑞 is the 
velocity of phase q;  
The momentum equation for phase q: 
𝜕
𝜕𝑡




where p is the pressure shared by all phases; 𝜏 ̅𝑞 is the stress-strain tensor for the phase q; 
?⃑⃗?𝑝𝑞 is an interaction force between phase p and phase q. 





= ∑ 𝐾𝑝𝑞(𝑣 𝑝 − 𝑣 𝑞)
𝑛
𝑝=1
                                             (A.3) 
In our case, only one phase p is modeled (liquid phase), therefore the Equation (A.3) 
becomes: 
?⃑⃗?𝑝𝑞 = 𝐾𝑝𝑞(𝑣 𝑝 − 𝑣 𝑞)                                                     (A.4) 
where 𝐾𝑝𝑞  is the interphase momentum exchange coefficient; 𝑣 𝑝  and 𝑣 𝑞  represents the 
velocity of phase p and phase q respectively. 
 Symmetric Drag Law 
The symmetric model is the default method for the multi-fluid VOF model. The density 
and viscosity are determined by the averaged properties based on volume fraction: 
𝜌𝑝𝑞 = 𝛼𝑝𝜌𝑝 + 𝛼𝑞𝜌𝑞                                                    (A.5) 
𝜇𝑝𝑞 = 𝛼𝑝𝜇𝑝 + 𝛼𝑞𝜇𝑞                                                    (A.6) 








In the ANSYS Fluent Theory Guide [40], it is clarified that if there is only one dispersed 
phase, then 𝑑𝑝 = 𝑑𝑞. Therefore, the diameter 𝑑𝑝𝑞 can be replaced by 𝑑𝑝. 




𝑑𝑝𝐴𝑖                                                       (A.8) 





                                                           (A.9) 
𝐴𝑖 is the interfacial area concentration, i.e., the interfacial area between gas phase and 




                                                    (A.10) 




                                                            (A.11) 
where 𝐶𝐷 is the drag coefficient and determined as: 
𝐶𝐷 = {
 24(1 + 0.15𝑅𝑒0.687)/𝑅𝑒        𝑅𝑒 ≤ 1000   
                0.44                              𝑅𝑒 > 1000  
                    (A.12) 
Re is the relative Reynolds number: 
𝑅𝑒 =
𝜌𝑝𝑞|𝑣 𝑝 − 𝑣 𝑞|𝑑𝑝
𝜇𝑝𝑞




The numerical test of liquid water behaviors in a microchannel in the present study is 
conducted based on the multi-fluid VOF method with the default symmetric model.  
A.3. Preliminary Results and Discussion 
The numerical simulation of liquid water behavior in microchannel is conducted using 
the multi-fluid VOF method with the default symmetric drag law in ANSYS Fluent [40], 
and the results are compared to those based on the VOF model with SCA under the same 
conditions (air and water inlet flow rate, wall contact angles, etc.), as shown in Figure 
A.2. A dimensionless time ta is used to present the liquid water evolvement process in the 
microchannel (ta = t·Vair/Lc, where t is the simulation time from liquid water emergence 
and Lc is the length of the microchannel. From the qualitative observation, it is found that 
the general liquid water evolvement and transport process from these two methods are 
very similar: at the very beginning, the liquid water is supplied into the channel through 
the liquid inlet with a constant flow rate and the formation of water slug is initiated. With 
time, the slug size is growing in both length and height direction, and the profile has no 
significant distortion in this process. When it comes to about ta = 21.16, the first water 
slug is detached from the inlet area and quickly moves toward the outlet. In order to 
further evaluate and compare the slug deformation before the detachment, the ratio of 
slug length to height (l/h) is plotted, as shown in Figure A.3. It is noted that before 
approximately ta = 12.45, the evolution of l/h from these two methods are almost 
identical and the value of l/h are around 2.25 before ta = 9.34. After that till the slug 
detachment, the value of l/h increases with time for both methods and the results from the 
multi-fluid VOF model becomes higher than that of the VOF model, indicating that the 
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Figure A.2: Numerical results of liquid water evolvement based on the VOF method (left 
column) and the multi-fluid VOF method (right column).   
 
 
Figure A.3: Comparison of the ratio of water slug length to height (l/h) before detachment of 





A.4. Summary and Future Work 
In this study, the numerical simulation of liquid water behaviors in a single straight 
microchannel was conducted using the ANSYS Fluent multi-fluid VOF model. The 
results were compared qualitatively and quantitatively to those based on the VOF model. 
It was indicated that the general liquid water evolvement and transport process between 
these two models had no significant difference. However, by comparing the ratio of the 
water slug length to height, it was found that the multi-fluid VOF method can lead to 
slightly longer elongation of the slug. In addition, using the multi-fluid VOF method with 
the default symmetric drag law in ANSYS Fluent [40], the slug detachment time was 
nearly identical to that from the VOF model. Further investigation is still needed to 
investigate the potential of the multi-fluid VOF model in the delay of slug detachment in 
microchannels. 
For the future work, a user-defined-function (UDF) code can be developed to modify the 
interface exchange coefficient 𝐾𝑝𝑞 , and investigate the effects on the liquid water 
evolvement process. Also, this paper only presents some preliminary results based on the 
multi-fluid VOF model using the SCA as the boundary condition, and a proper 
methodology needs to be further developed to implement DCA model. 
 
References 
[1] Wang ZH, Wang CY, Chen KS. Two-phase flow and transport in the air cathode of 





[2] Meng H, Wang CY. Model of two-phase flow and flooding dynamics in polymer 
electrolyte fuel cells. Journal of the Electrochemical Society. 2005 Sep 
1;152(9):A1733-41. 
[3] Koido T, Furusawa T, Moriyama K. An approach to modeling two-phase transport in 
the gas diffusion layer of a proton exchange membrane fuel cell. Journal of Power 
Sources. 2008 Jan 3;175(1):127-36. 
[4] Basu S, Li J, Wang CY. Two-phase flow and maldistribution in gas channels of a 
polymer electrolyte fuel cell. Journal of Power Sources. 2009 Feb 15;187(2):431-43. 
[5] Berning T, Djilali N. A 3D, multiphase, multicomponent model of the cathode and 
anode of a PEM fuel cell. Journal of the Electrochemical Society. 2003 Dec 
1;150(12):A1589-98. 
[6] He G, Ming P, Zhao Z, Abudula A, Xiao Y. A two-fluid model for two-phase flow in 
PEMFCs. Journal of Power Sources. 2007 Jan 1;163(2):864-73. 
[7] Ye Q, Van Nguyen T. Three-dimensional simulation of liquid water distribution in a 
PEMFC with experimentally measured capillary functions. Journal of the 
Electrochemical Society. 2007 Dec 1;154(12):B1242-51. 
[8] Choi J, Son G. Numerical study of droplet motion in a microchannel with different 
contact angles. Journal of mechanical science and technology. 2008 Dec 
1;22(12):2590. 
[9] Choi J, Son G. Numerical study of droplet dynamics in a PEMFC gas channel with 
multiple pores. Journal of mechanical science and technology. 2009 Jul 
1;23(7):1765-72. 
[10] Akhtar N, Kerkhof PJ. Dynamic behavior of liquid water transport in a tapered 
channel of a proton exchange membrane fuel cell cathode. International Journal of 
Hydrogen Energy. 2011 Feb 1;36(4):3076-86. 
[11] Park J, Li X. Multi-phase micro-scale flow simulation in the electrodes of a PEM 





[12] Kim KN, Kang JH, Lee SG, Nam JH, Kim CJ. Lattice Boltzmann simulation of 
liquid water transport in microporous and gas diffusion layers of polymer electrolyte 
membrane fuel cells. Journal of Power Sources. 2015 Mar 15;278:703-17. 
[13] Deng H, Jiao K, Hou Y, Park JW, Du Q. A lattice Boltzmann model for multi-
component two-phase gas-liquid flow with realistic fluid properties. International 
Journal of Heat and Mass Transfer. 2019 Jan 1;128:536-49. 
[14] Ferreira RB, Falcão DS, Oliveira VB, Pinto AM. Numerical simulations of two-
phase flow in proton exchange membrane fuel cells using the volume of fluid 
method–A review. Journal of Power Sources. 2015 Mar 1;277:329-42. 
[15] Quan P, Zhou B, Sobiesiak A, Liu Z. Water behavior in serpentine micro-channel for 
proton exchange membrane fuel cell cathode. Journal of Power Sources. 2005 Dec 
1;152:131-45. 
[16] Jiao K, Zhou B. Accelerated numerical test of liquid behavior across gas diffusion 
layer in proton exchange membrane fuel cell cathode. Journal of Fuel Cell Science 
and Technology. 2008 Nov 1;5(4):041011. 
[17] Le AD, Zhou B. A general model of proton exchange membrane fuel cell. Journal of 
Power Sources. 2008 Jul 15;182(1):197-222. 
[18] Le AD, Zhou B, Shiu HR, Lee CI, Chang WC. Numerical simulation and 
experimental validation of liquid water behaviors in a proton exchange membrane 
fuel cell cathode with serpentine channels. Journal of Power Sources. 2010 Nov 
1;195(21):7302-15. 
[19] Wang X, Zhou B. Liquid water flooding process in proton exchange membrane fuel 
cell cathode with straight parallel channels and porous layer. Journal of Power 
Sources. 2011 Feb 15;196(4):1776-94.  
[20] Kang S, Zhou B, Cheng CH, Shiu HR, Lee CI. Liquid water flooding in a proton 
exchange membrane fuel cell cathode with an interdigitated design. International 




[21] Qin Y, Du Q, Yin Y, Jiao K, Li X. Numerical investigation of water dynamics in a 
novel proton exchange membrane fuel cell flow channel. Journal of Power Sources. 
2013 Jan 15;222:150-60. 
[22] Qin Y, Li X, Jiao K, Du Q, Yin Y. Effective removal and transport of water in a 
PEM fuel cell flow channel having a hydrophilic plate. Applied Energy. 2014 Jan 
1;113:116-26. 
[23] Niu Z, Fan L, Bao Z, Jiao K. Numerical investigation of innovative 3D cathode flow 
channel in proton exchange membrane fuel cell. International Journal of Energy 
Research. 2018. 
[24] Falcão DS, Pereira JP, Pinto AM. Numerical simulations of anode two-phase flow in 
Micro-DMFC using the volume of fluid method. International Journal of Hydrogen 
Energy. 2016 Nov 16;41(43):19724-30. 
[25] Kang S, Zhou B. Numerical study of bubble generation and transport in a serpentine 
channel with a T-junction. International Journal of Hydrogen Energy. 2014 Feb 
4;39(5):2325-33. 
[26] Kang S, Zhou B, Jiang M. Bubble behaviors in direct methanol fuel cell anode with 
parallel design. International Journal of Hydrogen Energy. 2017 Aug 
3;42(31):20201-15. 
[27] Miller C. Liquid water dynamics in a model polymer electrolyte fuel cell flow 
channel, MASc Thesis, University of Victoria, 2009. 
[28] Wu TC. Two-phase flow in microchannels with application to PEM fuel cells, PhD 
Dissertation, University of Victoria, 2015. 
[29] Kistler SF. Hydrodynamics of wetting. Wettability. 1993;6:311-430. 
[30] Šikalo Š, Wilhelm HD, Roisman IV, Jakirlić S, Tropea C. Dynamic contact angle of 





[31] Mukherjee S, Abraham J. Investigations of drop impact on dry walls with a lattice-
Boltzmann model. Journal of Colloid and Interface Science. 2007 Aug 
15;312(2):341-54. 
[32] Roisman IV, Opfer L, Tropea C, Raessi M, Mostaghimi J, Chandra S. Drop impact 
onto a dry surface: Role of the dynamic contact angle. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects. 2008 Jun 5;322(1):183-91.  
[33] Jiang M, Zhou B, Wang X. Comparisons and validations of contact angle models. 
International Journal of Hydrogen Energy. 2018 Mar 22;43(12):6364-78. 
[34] Šikalo Š, Tropea C, Ganić EN. Impact of droplets onto inclined surfaces. Journal of 
Colloid and Interface Science. 2005 Jun 15;286(2):661-9. 
[35] Šikalo Š, Ganić EN. Phenomena of droplet–surface interactions. Experimental 
Thermal and Fluid Science. 2006 Nov 30;31(2):97-110. 
[36] Wang X. Gas-liquid phenomena with dynamic contact angle in cathode of proton 
exchange membrane fuel cells. MASc Thesis, University of Windsor, 2011. 
[37] Fang C, Hidrovo C, Wang FM, Eaton J, Goodson K. 3-D numerical simulation of 
contact angle hysteresis for microscale two phase flow. International Journal of 
Multiphase Flow. 2008 Jul 31;34(7):690-705. 
[38] Chen J, Tang Y, Zhang W, Wang Y, Qiu L, Zhang X. Computational fluid dynamic 
simulations on liquid film behaviors at flooding in an inclined pipe. Chinese Journal 
of Chemical Engineering. 2015 Sep 1;23(9):1460-8. 
[39] Zahedi P, Zhang J, Arabnejad H, McLaury BS, Shirazi SA. CFD simulation of 
multiphase flows and erosion predictions under annular flow and low liquid loading 
conditions. Wear. 2017 Apr 15;376:1260-70. 







PERMISSIONS FOR PREVIOUS PUBLISHED WORKS 
Chapter 2: Comparisons and Validations of Contact Angle Models 
 According to Elsevier’s Journal Author Right, the author of the publication retains 
the right to include it in a thesis or dissertation and the permission is not required, 
provided it is not published commercially.  











VITA AUCTORIS  
 
 
NAME:  Mengcheng Jiang 
PLACE OF BIRTH: Zhenjiang, Jiangsu, China 





Jiangsu Provincial Zhenjiang No.1 High School, 
Zhenjiang, China.  
2008-2011. 
Nanjing University of Aeronautics and Astronautics, 
Nanjing, China. 
2011-2015, B. Eng. 
University of Windsor, Windsor, ON,  
2016-2018, M.A.Sc. 
 
 
 
 
 
